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ABSTRACT
Petrogenesis and Geochemistry of Pleistocene and Pliocene Basalt Flows of the 
Pine Valley Volcanic Field, Utah and Their Relationship to the 
Tectonics of the Utah Transition Zone
by
Matthew Faust
Dr. Eugene I. Smith, Examination Committee Chair 
Professor of Geoscience 
University of Nevada, Las Vegas
The Pine Valley Volcanic Field in southwestern Utah consists of at least 24 mafic 
lava flows and 10 vents. Eruptions have spanned the past 2.4 m.y. The youngest 
emptions at the Snow Canyon and Diamond Valley cones occurred between 1 and 20 ka. 
Lava flows range in composition from basalt to andésite, and include both alkaline and 
subalkaline rocks throughout the field. Trace element abundances for the youngest lavas 
show both oceanic island basalt (OIB) and mid-oceanic ridge basalt (MORE) 
components in their source. Sr and Nd isotopic ratios exhibit evolved values, spanning a 
large range from Exd of 0.54 and ^^Sr/^^Sr of 0.7036 to SNd o f -7.83 and ^^Sr/^Sr of 
0.7055. The apparent conflict between geochemical evidence for an asthenospheric 
source (MORE and OIE-like trace element abundances) and a lithospheric source 
(evolved isotopic ratios) is resolved through a model that calls upon contamination of an 
asthenospheric melt with ancient (isotopically-evolved) mid-oceanic ridge basalt 
(MORE) within the lithosphere.
Ill
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CHAPTER 1 
INTRODUCTION
The relatively undeformed Colorado Plateau in western Utah and northwestern 
Arizona is separated from the heavily faulted Basin and Range province by a narrow 
region known as the Utah Transition Zone. The Utah Transition Zone is often defined as 
the region between the Grand Wash and Hurricane faults, and is characterized by down- 
to-the-west normal faults and small volume, mafic volcanic fields (Best, 1980) (Figure 
1). Normal faulting and volcanism in southwestern Utah are associated with the 
extensional tectonic setting of the Basin and Range province, and have occurred 
episodically since 20 Ma (e.g., Burchfiel, 1992).
The basalt flows in the area of Pine Valley Volcanic Field (PW F) are a typical 
example o f recent Utah Transition Zone volcanism (e.g.. Nelson and Tingey, 1997). The 
P W F  is located in southwestern Utah, 50 km west of Zion National Park, just north of 
the communities of St. George and Santa Clara, and along the southwestern flanks of the 
Pine Valley Mountains (Figure 2). Snow Canyon State Park, located near the center of 
the P W F , features lava tubes, cascading basalt flows, and a young cinder cone among its 
feature attractions. This cinder cone is one of a pair of young volcanoes within Diamond 
Valley, which is located just northeast o f Snow Canyon.
Mapping by the Utah Geological Survey has identified 24 lava flows and at least 15 
volcanoes within the P W F  (Willis and Higgins, 1995 and 1996; Hayden, 2005) (Plate
1
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1). Eruptions within the field have been continuous since about 2.4 Ma, based on recent 
^°Ar/^®Ar analyses conducted by the Utah Geological Survey that are presented in 
Chapter 4 (Bob Biek, personal communication, 2003). The youngest units, the Santa 
Clara and Diamond Valley flows, have not been dated, but are estimated to be between 1 
and 20 ka due to their exceptionally firesh appearance (Hamblin, 1987; Willis and 
Higgins, 1996; Nusbaum et al., 1997).
This study focused on the Santa Clara and Diamond Valley flows, utilizing 
volcanology, geochemistry, geophysics, and geographic information systems (GIS) in 
order to establish the petrogenesis and eruptive history o f the units. Information from 
this study, including the depth of melting, the degree of lithospheric interaction, and the 
mantle source of the flows, has provided information about the tectonic evolution o f the 
Utah Transition Zone over the past 2.3 Ma.
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Figure 1. Map showing location o f study area relative to regional faults and tectonic 
provinces. Shaded region indicates approximate location of Utah Transition Zone. Red 
shaded region shows location of flows of the Pine Valley Volcanic Field. GWF - Grand 
Wash Fault, HF - Hurricane Fault
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Figure 2. Location map of the Pine Valley Volcanic Field. Inset map of Utah shows 
map location. Dark shaded regions are units of the PWF, light shaded regions are other 
late Cenozoic volcanic rocks of the area. Red dashed lines indicate roads. SCSP - Snow 
Canyon State Park, Fig. 5 - Location of Figure 5, SCC - Snow Canyon cone, DVC - 
Diamond Valley cone, VYC - Veyo cone, DMC - Dammeron Valley cone, BSC - Big 
Sand cone, LRC - Lava Ridge vent area, TPC - Twin peaks vent area, Zion NP - Zion 
National Park.
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CHAPTER 2
REGIONAL BACKGROUND GEOLOGY 
Precambrian
Achaean provinces of western North America include the Wyoming craton (e.g., 
Bennett and DePaolo, 1987) and possibly the Mojavia region, which includes much of 
the Basin and Range province (Lee et al., 2001). Throughout the Proterozoic, the North 
American continent grew through the accretion of island arcs and other terranes onto the 
craton (e.g., Bennett and DePaolo, 1987). Precambrian cmstal rocks, including schist, 
gneiss, and pegmatite, crop out in the Beaver Dam Mountains, which are located 
approximately 10 miles southwest o f the Pine Valley Volcanic Field (PW F) (Hintze, 
1988; Hintze et al., 1994) (Figure 3).
Paleozoic
During the Paleozoic, the passive western margin of North America was located in 
the vicinity o f western Utah and eastem Nevada (e.g., Burchfiel et al., 1992). Rocks of 
this age in Utah are dominantly sedimentary and were deposited in shore and near-shore 
environments. Paleozoic units underlying the P W F  include meta-quartz-sandstone, 
dolomite, limestone, gypsum, sandstone, and shale (Hintze, 1988) (Figure 3).
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Mesozoic
For much of the Mesozoic, the western boundary of North America was a convergent 
margin. Subduction along this margin resulted in the Cordilleran orogen, which involved 
several major deformation events including the Sevier orogeny. The fold and thrust belt 
that signifies the eastem limit of deformation related to this orogeny is located west o f the 
PVVF (e.g., Burchfiel et al., 1992). Sea level rose and fell several times through the 
Mesozoic, resulting in the alternating deposition o f terrestrial and oceanic sediments. 
Mesozoic units underlying the P W F  include limestone, dolomite, shale, siltstone, 
sandstone, and conglomerate (Hintze, 1988) (Figure 3).
Cenozoic
The early-Cenozoic in North America is characterized by the Laramide orogeny, 
which resulted in the uplift o f the Rocky Mountains and much of eastem Utah. A leading 
theory holds that the Laramide orogeny was caused by shallow or flat slab subduction 
(Bird, 1984). Flat slab subduction emplaced oceanic slab beneath the lithosphere west of 
the Rocky Mountains. Oceanic slab against the base of the lithosphere could be expected 
to act as a barrier to asthenosphere-derived magmas, and thus would have some impact 
on the petrogenesis of these magmas. This slab may still be present beneath 
southwestem Utah, or may have already delaminated from the base of the lithosphere 
(Humphreys, 1995). In the Oligocene and Early Miocene, extensive magmatism 
occurred across much of Utah, including the emplacement of the Pine Valley laccolith 
immediately to the northeast of the P W F  (Cook, 1957; Hintze, 1988). The convergent 
margin on the west coast of North America began to change when the East Pacific Rise
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
came in contact with the continent at about 18 Ma (Atwater, 1970). Since that time, a 
gradually lengthening portion of the edge of the continent has been converted to a 
transform margin. This change in type of margin is closely associated in time with 
beginning of extension in the southern and central Basin and Range (e.g.. Sonder and 
Jones, 1999). Although the underlying cause of extension remains controversial, many 
researchers believe that it is related to the change from a subduction zone to a strike-slip 
margin (e.g., Atwater, 1970; Bohannon and Parsons, 1995; Dokka and Ross, 1995). 
Extension of the Basin and Range is accompanied by extensive volcanism. This was 
initially dominated by widespread felsic volcanism (referred to as the ignimbrite flare- 
up), but has been dominated by mafic lavas since about 8 Ma (Best and Christiansen, 
1991). The PW F represents a typical example of this mafic volcanism, on the eastem 
margin of the Basin and Range province.
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Cretaceous
Jurassic
Triassic
Permian
Pennsylvanian
Mississippian
Devonian
Cambrian
Precambrian
Pine Valley Volcanic Field: Teitiary and Quaternary 
mafic lava flows.
Iron Springs: Sandstone and mudstone.
Carmel: Limestone, mudstone, sandstone, and shale. 
Temple Cap: Gypsum, mudstone, siltstone. and 
minor sandstone.
Navajo: Sandstone.
Kayenta: Siltstone, sandstone, mudstone, and minor 
dolomite.
Moenhave: Siltstone, sandstone, and minor dolomitic 
limestone.
Chlnie: Conglomerate, sandstone, siltstone, and 
minor gypsum.
Moenkopl: Sandstone, siltstone, and minor gypsum.
Kalbab: Cherty limestone.
Toroweap: Gypsum, cherty limestone, and shale.
Queantoweap: Sandstone.
Pakoon: Dolomite and minor gypsum.
Callvllle: Limestone and cherty limestone.
Redwall: Limestone and cherty limestone.
Muddy Peak: Dolomite.
Nopah: Dolomite.
Bonanza King: Dolomite and minor limestone.
Bright Angel: Shale.
Tapeats: Quartzite
Schist, gneiss, and pegmatite of the Beaver Dam 
Mountains.
Figure 3. Stratigraphie column of rock units that potentially underly the Pine Valley 
Volcanic Field. Pre-Mesozoic units are from Hintze (1988) and do not crop out in the 
study area. Mesozoic and Cenozoic units are as mapped by Willis and Higgins (1995 and 
1996).
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CHAPTER 3
PREVIOUS WORK 
Geologic Mapping
The Utah Geological Survey (UGS) and the U.S. Geological Survey (USGS) 
published geologic maps of several quadrangles in the Pine Valley Volcanic Field 
(PW F) at a scale of 1:24,000. These include the Motoqua and Gunlock quadrangles 
(Hintze et al., 1994), and the Shivwits quadrangle (Hintze and Hammond, 1994). Open 
file geologic maps have been published by the UGS for the Washington (Willis and 
Higgins, 1995), St. George (Higgins and Willis, 1995), Santa Clara (Willis and Higgins,
1996), and Veyo (Hayden, 2005) quadrangles. Another map that covers a part of the 
P W F  is the Saddle Mountain quadrangle (Cook, 1960).
Ages of Flows
The apparently young age of basalt flows of the P W F  was noted early in geologic 
studies of the region. Gregory (1950) commented on the exceptionally fresh appearance 
of many o f the cinder cones and lavas and estimated their age to be on the order of 
hundreds o f years. He also postulated that all o f the cinder cones in the area o f Zion 
National Park (located about 50 km east o f the P W F ) are o f essentially the same age and 
that any differences in the state of erosion are a result o f local variations in topography 
and climate. Based on the relatively young age of the volcanic features in the area.
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Gregory (1950) concluded that southwestem Utah is a separate volcanic province from 
the Black Rock Desert field in central Utah, where cinder cones have generally been 
destroyed by erosion, and lava flows only exist as isolated remnants.
Hamblin (1963) proposed a system of classifying the basalts in the region by relative 
age based on morphology. The original version of this system ranged from Stage I 
(oldest flows) through Stage III (youngest flows). Hamblin (1970) later revised his 
system, adding a new category for the youngest flows (Stage IV) and adjusting the other 
categories accordingly. In the revised classification scheme. Stage I refers to flows that 
have no relationship to the currently active drainage system. Flow margins and surficial 
features (such as cinder cones and pressure ridges) have been completely removed by 
erosion. The only Stage I flows in the St. George area are located significant distances 
south of the city and are not considered part of the P W F . Stage II flows were emplaced 
within ancestors o f the active drainages, because they generally trend the same direction 
and have a gradient similar to the current valleys. Like Stage I flows, surface features 
have been deeply eroded. This category is further subdivided into Stage Ila flows, which 
are located more than 100 meters above the active drainage, and Stage lib flows, which 
are 50 meters above the active drainage. Examples of Stage Ha flows of the P W F  
include the Gunlock and West Black Ridge flows, and examples of Stage lib flows 
include the Washington, Middleton, Airport, and Twin Peaks flows (Plate 1). Stage III 
flows have not been dissected into isolated remnants through erosion, and the margins of 
the flows are roughly equivalent to their original extent. Stage HI flows are located 5 to 
30 meters above the active drainage, and a cinder cone at the source o f the lava is often 
preserved. An example of a Stage III flow in the PVVF is the Big Sand flow (Plate 1).
10
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Stage IV flows are extremely young and are located in the currently active drainage, 
though they commonly disrupt and relocate streams. Cinder cones and other surface 
features are usually perfectly preserved. The Santa Clara and Diamond Valley flows fall 
into this category (Plate 1).
Best et al. (1980) published 68 whole-rock K-Ar ages for Late Cenozoic mafic flows 
of the western Grand Canyon region, several of which are located in the PW F. Hamblin 
et al. (1981) reported a pair of K-Ar ages for the Airport and West Black Ridge flows. 
These ages have now been superceded by more accurate '^^Ar/^^Ar dates by the UGS (R. 
Biek, personal communication); however most of these data are currently unpublished. A 
complete table of P W F  dates is included in Chapter 4 (Table 1).
The Santa Clara and Diamond Valley flows have not yet been dated. Age estimates 
based largely on the appearance of cinder cones associated with the flows in comparison 
to Sunset Crater in Arizona, which empted in 1065 AD (Hamblin, 1987; Nusbaum et al.,
1997), suggest that the age of the flows is slightly more than 1 ka. Willis and Higgins 
(1996) believed that these flows are older based on géomorphologie evidence including 
the downcutting through flows by streams, the buildup of pedogenic carbonate within 
joints, and the general absence of an iridescent sheen on the surface of the basalt. Based 
on these observations, Willis and Higgins (1996) estimated the ages of the Santa Clara 
and Diamond Valley flows to be on the order of 10 to 20 ka.
Petrology of Flows
Best et al. (1966) devised a petrologic classification scheme for basalts of the westem 
Grand Canyon region that included several basalt types, of which three occur in the
11
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P W F ; the Middleton type, the Washington type, and Young Stage III flows. Over the 
next 15 years, the authors revised their system several times, adding a Veyo type basalt 
(Best et al., 1969, referenced in Embree, 1970), dropping Young Stage III flows in favor 
of a Grand Wash type with a Hurricane subgroup (Best et al., 1970), and eventually 
dropping the regional names altogether in favor of more universally accepted terms (Best 
and Brimhall, 1974). In this revised system. Grand Wash type basalts, including the 
Santa Clara and Diamond Valley flows, are referred to as hawaiite lavas. Hawaiite flows 
are common throughout the eruptive history of the westem Grand Canyon region, and are 
characterized in hand sample by a medium-gray matrix and common olivine phenocrysts 
that are commonly partially altered to iddingsite. The volumetrically minor Washington 
type, which includes the Washington flow in the P W F , is ankaramite. Ankaramite is 
characterized in hand sample by a dark matrix with abundant olivine and clinopyroxene 
phenocrysts. The Middleton type, which is very common in the P W F , is quartz-bearing 
basaltic andésite characterized by large (up to 8 mm) embayed quartz crystals and zoned, 
inclusion-rich plagioclase crystals. The quartz and plagioclase crystals had previously 
been interpreted as xenocrysts, perhaps plucked from the walls of the magma conduit 
(Best et al., 1966; Lowder, 1973). Best and Brimhall (1974), however, concluded that 
these crystals are high-pressure phases from the same magma that formed the basalt.
This conclusion is based on the observation that quartz and plagioclase bearing basalts 
with very similar chemical compositions occur in many other localities in the U.S. The 
authors considered the petrology of these flows to be too similar to be coincidental, and 
thus believed that they represent a distinct variety of basalt. Based on the non-systematic 
distribution of these basalt types through the eruptive history of the area. Best and
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Brimhall (1974) concluded that the hawaiite, ankaramite, and basalt andésite lavas 
represent distinct parent magmas created by partial melting at different depths in the 
mantle.
Embree (1970) provided a detailed look at the G unlock flow to the west of Snow 
Canyon to identify significant lateral or vertical variation in chemistry within a single 
flow. Embree (1970) observed that although lateral variability in the Gunlock flow was 
insignificant, vertical variability included significant differences in many important 
components, including alkalis, SiO:, FeO, MgO, and CaO. It was his conclusion that a 
composite sample through the entire vertical section of the flow is more representative of 
the chemistry of the flow than a single sample would be.
Up to 1973, virtually all o f the research that had been conducted on the Late Cenozoic 
basalt flows of the western Grand Canyon region was conducted by a small group of 
cooperating geologists operating out of two institutions; Brigham Young University 
(Best, Hamblin, and Brimhall) and Ricks College (Embree). Lowder (1973), o f the 
Australian Mineral Development Laboratories, upset this pattern with an article in the 
Geological Society of America Bulletin that provided the first published interpretation of 
the geochemistry o f the volcanic rocks o f the region. Lowder (1973) examined the 
mineralogy, geochemistry, and petrogenesis of basalts and andésites younger than 20 Ma 
for a large region o f southwestern Utah, venturing as far north as Parowan and as far east 
as Panguitch. Out of more than a hundred samples, he only conducted geochemical 
analyses of 14, from which he drew broad conclusions. Although Lowder referenced the 
articles by BYU geologists (Best and Brimhall, 1970; and others) he apparently rejected 
their interpretation of several distinct parent magmas and concluded that all o f the Late
13
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Cenozoic volcanic units represent a genetically related suite o f rocks that are transitional 
from alkalic to tholeiitic in composition. Lowder (1973) listed two features that must be 
explained by any petrogenetic model. These are the lack of any discernable time- 
composition patterns in the eruptive history, and the Sr, Ba, Rb, and REE enrichment of 
Late Cenozoic andésites sampled near Enterprise and Panguitch, Utah. Based on the 
phenocryst assemblages that were observed, fractional crystallization was rejected as the 
source of the chemical diversity of the volcanic rocks. Lowder's preferred model is 
partial melting of the mantle, although he did not rigorously test this model. Andésites 
were explained by a small degree of partial melting of mantle that is unusually rich in Sr 
and Ba.
In a paper that focused on the youngest units of the P W F  (the Santa Clara, Diamond 
Valley, and Veyo flows), Nusbaum et al. (1997) noted that the Santa Clara and Diamond 
Valley flows are chemically very similar and considered them a single magma type.
They defined the Diamond Valley flow to include the two cinder cones (referred to herein 
as the Diamond Valley and Snow Canyon cones) and the basalt within Diamond Valley, 
while they defined the Santa Clara flow as the basalt within Snow Canyon and in the 
vicinity of Santa Clara. Unfortunately, Nusbaum et al. (1997) do not present the field 
evidence that suggested the flows should be subdivided in this way. Subsequently this 
distinction cannot be fully evaluated. Nusbaum et al. (1997) recognized that the 
chemistry o f the Santa Clara, Diamond Valley, and Veyo flows provides conflicting 
evidence as to their mantle source, and tentatively support a lithospheric source for all 
three flows. The model of Nusbaum et al. (1997) will be discussed in more detail in 
Chapter 9 where chemical evidence o f mantle source is examined in more detail.
14
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Space-Time-Composition Patterns and 
the Relationship to Tectonics 
Several authors have suggested that mafic volcanism along the eastem margin of the 
Basin and Range province area could be a key to a better understanding of the character 
of the upper mantle and the tectonics of the region (Best and Brimhall, 1966; Hamblin, 
1970; Nelson and Tingey, 1997). Best and Brimhall (1970) examined patterns in the 
space-time-composition distribution of the basalts with the goal of a better understanding 
of the tectonics of the Utah Transition Zone. Although no interpretations are made, they 
observed that volcanism and tectonic activity are synchronous, and that volcanism in the 
region appears to have generally migrated to the east. Later, Best and Brimhall (1974) 
presented a detailed tectonic model to explain the chemical variation and localization of 
basalts on the eastem margin of the Basin and Range province. In their view, mantle 
upwelling in the center of the Basin and Range has progressively thinned the lithosphere, 
producing a keel of lithospheric mantle along the margins of the province. As convecting 
asthenosphere runs into this keel, localized shear heating is caused by throttling of the 
hot, flowing mantle. This heating would be expected to occur along the entire keel, 
allowing for partial melting at various depths and thus the generation of a variety of 
magmas. In addition, erosion of the keel could result in an eastward migration of 
volcanism, which some researchers contend occurs in the region (Best and Brimhall, 
1970; Nelson and Tingey, 1997).
Armed with more geochemical data and new K-Ar dates. Best et al. (1980) identified 
space-time-composition patterns of basalts of the western Grand Canyon region in order 
to learn more about tectonics. A variety o f interesting observations were made, including
15
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three distinct geographic trends of volcanoes, the episodic nature of volcanic activity 
since approximately 24 Ma, and the fact that the basalts straddle the traditional chemical 
boundary between arc and plume related rocks. One interpretation by Best et al. (1980) 
is that the east-northeast trending volcanic belt, of which the PW F is a component, may 
be controlled by an intercontinental transform fault or other hidden regional feature.
Hamblin (1981) utilized his earlier interpretation of basalt flows as representing 
inverted valleys (Hamblin 1963 and 1970) in order to make some interesting tectonic 
conclusions. One of these conclusions is based on basalts in the PW F. By comparing 
the gradient of a basalt flow that erupted at approximately 2 Ma to the gradient of a flow 
that erupted at approximately 1 Ma and the gradient of the active drainage, Hamblin 
(1981) calculated approximately 64 m/m.y. of uplift of the block between the Hurricane 
and Grand Wash faults (Figure 1) since approximately 2 Ma.
Nelson and Tingey (1997), continued in the tradition of Best et al. (1980) in another 
paper examining space-time-composition patterns of basalts along the eastem margin of 
the Basin and Range province. This paper identified two distinct belts of Late Cenozoic 
volcanic activity; the Pahranagat -  San Rafael belt, which trends east-northeast from the 
Basin and Range into the Colorado Plateau, and the Black Rock -  Grand Canyon belt, 
which trends north from the western Grand Canyon region to the Black Rock Desert in 
central Utah. The basalts of the PW F are a component of the St. George -  Zion 
subzone, which is in the middle of the Black Rock -  Grand Canyon belt. This north- 
south trending belt does not have any broad space-time patterns, but does appear to have 
distinct space-composition patterns. For example, basalts are dominantly tholeiitic in the 
north and dominantly alkaline in the south and both SiOz compositions and *’Sr/*®Sr
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ratios decrease from north to south. The St. George -  Zion subzone shows the greatest 
chemical and isotopic variability o f the entire belt, displaying nearly the entire range of 
observed compositions. Based on an Exd vs. ^^Sr/^Sr plot, Nelson and Tingey (1997) 
identified three distinct mantle sources for volcanic rocks of the Black Rock -  Grand 
Canyon belt, including two enriched mantle sources and one depleted mantle source. 
They contend that the compositional variety of the St. George -  Zion basalts may be a 
result of mixing due to the melting column overlapping the transition between depleted 
and enriched sources.
Additional work done on basalt flows of the Utah Transition Zone includes Master’s 
thesis research in the Hurricane volcanic field o f Utah (Sanchez, 1995; Smith et al, 1999), 
volcanic fields of the Arizona Strip in northwest Arizona and southwest Utah (Downing, 
2000; Downing et al., 2001), and the Navajo Lake volcanic field of Utah (Stowell, 2005). 
Downing (2000) used geochemistry and geographic information systems (GIS) to map a 
boundary within the Utah Transition Zone between volcanic centers that showed the 
influence of lithospheric mantle in their source and those that did not. A detailed 
examination of this research is presented in Chapter 10.
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CHAPTER 4
PINE VALLEY VOLCANIC FIELD 
The Pine Valley Volcanic Field (PW F) field is characterized by cinder cones and 
small volume mafic lava flows. Stage I, II, and III flows commonly cap long ridges that 
represent preserved drainages (Hamblin, 1970 and 1987). Based on mapping conducted 
by the Utah Geological Survey (Hayden, 2005; Higgins and Willis, 1995; Willis and 
Higgins, 1995 and 1996) at least 24 volcanic units make up the P W F  (Plate 1). Lava 
types range from basalt to andésite (see Chapter 7).
Eruptive History of the Pine Valley Volcanic Field 
Eighteen o f the 24 units of the P W F  were recently dated by the Utah Geological 
Survey using the ^ °Ar/^^Ar technique (Hayden, 2005; Bob Biek, personal communication, 
2003) (Table 1). These ages agree well with field relationships and with relative 
estimations by Hamblin (1970), so they are considered to be reliable. The date for the 
Washington flow is an exception. The best age available for this unit is a K-Ar date (Best 
et al., 1980). Although several dates from Best et al. (1980) have been proven inaccurate 
by the more reliable ^ °Ar/^®Ar technique, the K-Ar date of 1.7±0.1 Ma is accepted as the 
age of the Washington flow. Absolute ages have never been determined for six units of 
the P W F ; the Santa Clara, Diamond Valley, Lava Ridge, Baker Dam, Canal, and 
Subdivision Ridge flows. The Lava Ridge flow may correlate with the Middleton flow,
18
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which has been dated at 1.41 + 0.01 Ma (Willis and Higgins, 1995). The Baker Dam, 
Canal, and Subdivision Ridge flows can only be assigned relative ages based on 
morphology and field relationships; however, all four appear to be Quaternary in age.
Considering the dates in Table 1, eruptive activity in the P W F  has been relatively 
continuous since about 2.4 Ma. From the data presented on Table 1, the average 
recurrence interval for volcanic eruptions over this period was calculated to be 105 ka. 
The longest time between eruptions was a period of approximately 450 ka between the 
eruptions of the Veyo flows at 0.69 Ma and the Santa Clara and Diamond Valley flows at 
approximately 0.02 Ma. Several researchers have identified spatial-temporal trends in 
volcanism of the Utah Transition Zone at a regional scale (Best and Brimhall, 1970; 
Nelson and Tingey, 1997). The latitude and longitude o f the vents of the P W F  were 
plotted against their ages in order to test if these patterns can be identified at a local scale 
(Figure 4). No significant spatial patterns were identified.
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Table 1 Units o f  the Pine Valiev Volcanic Field With Ages
References: 1: Nusbaum et al. (1997), 2: Hamblin (1987), 3: Willis and Higgins (1996), 
4: Hayden (2005), 5: Bob Biek, personal communication (2004), 6: Best et al. (1980).
Flow Age (Ma) Technique Reference(s)
Santa Clara 0.001 -  0.02 Estimate 1,2(1 ka);3 (10-20 ka)
Diamond Valley 0.001 -  0.02 Estimate l,2(lka) ;  3 (10-20 ka)
Saddle Mountain 0.47 + 0.12 ^Ar/^Ar 4
Dammeron East 0.59 + 0.02 ^Ar/'^'Ar 4
Veyo 0.69 ±0.04 "°Ar/^"Ar 4
Magotsu Creek 0.98 ±0.03 "("Ar/'^Ar 4
Snow Canyon Overlook 1.16 ±0.03 ^Ar/'^'Ar 5
Big Sand 1.16 + 0.03 "('Ar/^ '^Ar 5
Cedar Bench 1.23 ±0.01 ^Ar/"=»Ar 5
Airport 1.23 ±0.01 ^Ar/'^'Ar 5
Lava Ridge/Middleton 1.41 ±0.01 ^Ar/^^Ar 5
Gunlock 1.61 ±0.07 "°Ar/^"Ar 5
Dammeron North 1.62 ±0.02 ^A r/'A r 4
Washington 1.7+0.1 K-Ar 6
Central 1.77 ±0.09 ^Ar/^Ar 4
Granite Wash 1.97 ±0.02 ^Ar/^^Ar 4
Aqueduct Hill 1.98 ±0.04 ^Ai/"''Ar 4
West Black Ridge 2.34 ±0.02 ^Ar/^'Ar 5
T-Bone Hill 2.37 ±0.02 ^Ar/^^Ar 5
Twin Peaks 2.43 ±0.02 ^Ar/^^Ar 5
Baker Dam Unknown NA
Canal Unknown NA
Subdivision Ridge Unknown NA
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Correlation of Mapped Flows of the 
Pine Valley Volcanic Field 
Willis and Higgins (1995) suggested that several of the flows with unknown sources 
could be correlated with flows that have known sources. The Lava Ridge and Middleton 
Flows, that together make up a long inverted drainage that runs from Lava Ridge south to 
St. George (a distance of more than 10 km), were correlated based on field relationships 
(Plate 1). As this correlation is supported by geochemical data presented in Chapters 7 
and 8. The isolated T-Bone Hill flow may correlate with the West Black Ridge flow 
based on phenocryst assemblages and their similar heights above the active drainage 
(Willis and Higgins, 1995) (Plate 1). Chemistry presented in Chapters 7 and 8 as well as 
"*°Ar/^ ^Ar age dates by the Utah Geological Survey (Bob Biek, personal communication, 
2003) supports this conclusion. Willis and Higgins (1995 and 1996) also suggested a 
correlation between the Snow Canyon Overlook and Cedar Bench flows, based on their 
chemical similarity and the observation that both directly overly the Lava Ridge flow. 
However, recent '‘°Ar/^^Ar dating (Bob Biek, personal commimication, 2003) indicated 
that the Snow Canyon Overlook flow is about 50 ka older than the Cedar Bench flow. 
The Airport flow is also chemically similar to the Cedar Bench flow and returned an 
identical ^°Ar/^®Ar age of 1.23 + 0.01 Ma. However, outcrops of the Airport flow are 
located more than 3 km from the nearest Cedar Bench outcrop, within an adjacent 
paleodrainage (Plate 1). The correlation of these three flows remains a possibility, but 
cannot be confirmed.
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Volcanoes of the Pine Valley Volcanic Field
Many of the units of the P W F  are closely associated with cinder cones. For other 
flows, the location of the vent area has been completely obscured by erosion or by 
overlying volcanic units. The Snow Canyon and Diamond Valley cones will be 
described in Chapter 5. Original descriptions of the Veyo, Dameron Valley, and Big 
Sand cones and the Lava Ridge and Twin Peaks vent areas are presented below.
Vevo Cone
The Veyo cone is the tallest volcanic edifice o f the P W F  at 210 m in height 
(Appendix F, Photo 1) (Plate 1). Embree (1970) conducted detailed mapping of the Veyo 
cone and its associated lava flows (Veyo-1 through Veyo-5) (Plate 1). The flanks of the 
Veyo cone are relatively steep (27°). The summit crater is 200 m in diameter and 20 m 
deep. The southern flank has been deeply breached. Scoria exposed at a cinder pit on 
the southern flank of the cone is dominantly black, though locally layers of red scoria are 
present. Rythmic grading is preserved from sand size to approximately 3 cm diameter 
lapilli (Appendix F, Photo 2). Thin layers of ash are also present at this outcrop. A 
sample of greenish-gray ash 4.5 cm in width was recovered from rubble on the flanks of 
the cinder cone. This sample may represent a pyroclastic surge deposit, however, no ash 
outcrop of this scale is exposed on the flanks of the cone. Scoria observed on the flanks 
o f the cone is lapilli sized and both black and red. Aerodynamically sculpted bombs are 
common on the flanks of the cone, and outcrops within the breach of the southern flank 
are dominated by welded scoria.
The eruptive history of the Veyo cone is quite complex. The frne-to-coarse layering 
of black scoria observed in outcrop is evidence of a typical, episodic Strombolian
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eruption. On the other hand, the welded scoria is indicative of a Hawaiian style phase 
during the eruption. The surge deposits observed in rubble and outcrop on the cone are 
evidence for a third, more explosive style of eruption. This may have been a 
hydromagmatic eruption triggered by interaction of magma with groimd or surface water.
Dammeron Valiev Cone
The Dammeron Valley cone is associated with the Dammeron East flow (0.59 + 0.02 
Ma), which covers an area of only 1 km^ (Plate 1). The cone itself is about 100 m in 
height and composed mainly of red, lapilli-sized scoria (Appendix F, Photo 3). The slope 
of the flanks of the cone is relatively gentle (17®). The west flank of the cone has been 
breached, obscuring evidence of a summit crater. Aerodynamically sculpted bombs 
(Appendix F, Photo 4) and large outcrops of red, welded scoria are present on the flanks 
and at the summit o f the cone.
Based on the dominance of loose, lapilli-sized scoria, the dominant eruption style of 
the Dammeron Valley Cone was most likely Strombolian. However, the presence of 
aerodynamically sculpted basalt and welded scoria are evidence of a Hawaiian phase 
during the eruption.
Big Sand Cone
The Big Sand cone is associated with the Big Sand flow (1.16 + 0.03 Ma), that 
follows an ancestral drainage towards St. George (Plate 1). The cone, which is about 30 
m in height, has been partially consumed by active cinder pit mining operations 
(Appendix F, Photo 5). The scoria of the cone is mostly non-welded and blocky, though 
locally scoria has a fluid, aerodynamically sculpted appearance. Large (up to 40 cm), 
blocky bombs are also common. The scoria is red, indicating extensive hydrothermal
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alteration (Appendix F, Photo 3). The sides of the cone form relatively gentle slopes 
(13°), and no evidence remains of a summit crater. Thick red soil (~10 cm) locally 
covers the cone and significant vegetation (including trees up to 4 cm in diameter) is 
present at the summit of the cone.
The absence of welded scoria indicates that the Big Sand cone was built during a 
cool, Strombolian eruption, although the dominance of red scoria indicates extensive 
hydrothermal activity. This hydrothermal alteration could have been a result of cooling 
and degassing, if the interior of cone was not allowed to cool before additional scoria was 
deposited on its flanks.
Lava Ridge Vent Area 
The vent area of the Lava Ridge/Middleton flows (1.41 + 0.01 Ma) has been 
significantly eroded. The highest point on the cone is only about 25 m above the 
surrounding terrain (Plate 1). Loose scoria is almost completely gone; outcrops consist of 
red, welded scoria (Appendix F, Photo 7). A topographic high (15 m high) located in the 
southern part of the vent area may represent a second vent area.
Willis and Higgins (1995) demonstrated that the Lava Ridge/Middleton flow consists 
of several cooling units. The complex eruptive history of the flow is more supportive of 
multiple vents than would be a single eruption. The dominance of welded scoria in the 
vent area is suggestive of Hawaiian style eruptions, although few conclusions can be 
drawn regarding eruptive style, as the majority of the volcano has been destroyed by 
erosion.
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Twin Peaks Vent Area
The Twin Peaks vent area includes the oldest volcanic edifices within the P W F .
This area is the source of the Twin Peaks, T-Bone Hill, and West Black Ridge flows, all 
o f which erupted between 2.3 and 2.5 Ma (Plate 1). Similar to the Lava Ridge vent area, 
virtually no loose scoria remains at Twin Peaks. Three summits in the area are 
approximately 50 m above the surrounding terrain and consist of welded scoria and 
massive basalt.
Due to these observations, all three of these peaks are considered to be distinct 
volcanic edifices. The dominance of welded scoria in the vent area is evidence of 
Hawaiian style eruptions, although few conclusions can be drawn regarding eruptive 
style, as the majority of the volcano has been destroyed by erosion.
Discussion
A good correlation can be made between the degree o f erosion and vegetation cover 
of the vent areas and the age of the associated flows. The Veyo cone (0.69 ± 0.04 Ma) 
has steep flanks and a well formed crater, which is to be expected considering its 
relatively young age. The Big Sand cone has undergone more erosion, as indicated by 
the gently sloped flanks and the vegetated character of the cone and the lack of a summit 
crater. The Lava Ridge and Twin Peaks vent areas, which are significantly older, only 
display the eroded remnants of cinder cones. Evidence for both Hawaiian and 
Strombolian style eruptions can be seen throughout the P W F , and some volcanoes (such 
as the Veyo cone) have very complicated histories.
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Lava Flows of the Pine Valley Volcanic Field
The ridges created by the flows of the P W F  represent preserved drainages, in 
inverted form. Lava flows tend to follow the topography, and commonly fill the bottoms 
of the active drainage and displace streams. The relatively soft nature of the underlying 
sedimentary rocks in the area (for example, the sand and siltstones of the Kayenta, 
Navajo, and Iron Springs formations) allows streams to quickly create new, adjacent 
drainages. This led Hamblin (1970) to establish a relative age classification for basalt 
flows based on their relationship to the active drainage (see Chapter 2). In the southern 
half of the P W F , basalts flow from north to south and tend to form long, narrow mesas. 
These include, from west to east, the Gunlock flow, the Santa Clara flow, the Airport and 
West Black Ridge flows, and the Lava Ridge/Middleton flow (Plate 1). In the northern 
half of the P W F , flows tend to spread out into wider lobes and flow west-southwest 
from their vents along the western flank of the Pine Valley Mountains. Examples of 
these flows include the Veyo, Saddle Mountain, and Magotsu Creek flows.
This pattern indicates that the topography of the area has been largely similar over the 
past 2.4 million years; deep, narrow drainages trending south in the southern region, and 
wider drainages in the northern region trending southwest (Plate 1).
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Figure 4. Latitude and longitude of vents of the PW F plotted against their age. 
Undifferentiated flows are from the currently unpublished map of the Veyo quadrangle by 
the Utah Geological Survey (Hayden, 2005).
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CHAPTER 5
VOLCANOLOGY OF THE SANTA CLARA 
AND DIAMOND VALLEY FLOWS 
The Santa Clara and Diamond Valley (SCDV) flows are the youngest units of the 
Pine Valley Volcanic Field (PW F), and may represent one of the youngest eruptions in 
the southwestern United States. The pristine condition of the cinder cones associated 
with the flows is similar to that o f Sunset Crater in Arizona, which erupted in 1065 AD 
(Hamblin, 1987). Because of their young age, the SCDV flows have never been dated by 
radiometric techniques. The Diamond Valley flow was previously mapped as part of the 
Santa Clara flow (Willis and Higgins, 1996; Hayden, 2005). The two flows are 
differentiated below based on field observations and phenocryst assemblages.
Diamond Valley Cone 
The Diamond Valley cone (DVC) is located near the center of Diamond Valley, and 
is surrounded by the basalt of the Diamond Valley flow (Figures 2 and 5). The DVC is 
approximately 250 m in diameter, 70 m in height, and has relatively steep flanks (31°) 
(Appendix F, Photo 8). The well defined summit crater is approximately 50 m in 
diameter and 10 m deep. The cone consists o f air-fall lapilli, dominated by black, blocky 
scoria. Scoria bombs up to 0.5 m in diameter are also present. Rhythmic size grading of 
scoria from sand size to approximately 30 mm is well exposed in a scoria borrow pit on
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the northeast flank of the cone (Appendix F, Photo 9). Individual beds range from 
approximately 0.5 to 1 meter in thickness. Scoria exposed in the borrow pit commonly 
has a brightly colored, iridescent sheen, typical o f very young basalt surfaces (Appendix 
F, Photo 10). No basalt spatter was observed on the flank or summit of the DVC. 
Locally, tan soil up to 1 m thick and vegetation are present on the flanks of the cone 
(Appendix F, Photo 11).
A small; secondary cone is located 25 m northwest of the DVC (Figure 6) that herein 
will be referred to as Red Cone. The Red Cone is 50 m in diameter and is 10 m in height. 
Scoria on this small cone is dominantly red and aerodynamically sculpted.
A motmd of loose scoria is located between the DVC and the Red Cone. Due to its 
asymmetrical shape, this mound is not considered to be a third cinder cone. It may 
represent a flank collapse early in the history of the DVC.
The vent of the DVC is located near its northwest flank, as indicated by the greater 
thickness o f the basalt flow in this area. A volcanic vent characterized in cross section by 
massive basalt surrounded by spatter (a boca) (Appendix F, Photo 13) is also present in 
this general area.
The uniformity of shape, size, and color of scoria and the well-preserved rhythmic 
size-grading of the main DVC are evidence of a typical, relatively cool, episodic 
Strombolian-style eruption. The red, aerodynamically sculpted scoria and bombs of the 
smaller. Red Cone are evidence of a hotter, more sustained eruption. However, this 
eruption is also considered Strombolian due to the absence of significant basalt spatter in 
the area of the small cone. Indications o f the youth of the DVC include the steepness of 
its flanks, the well-formed summit crater, the absence of a debris apron along the base of
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the cone, and the iridescent sheen observed on scoria of the cone. Although soil is locally 
thick on the flanks of the cone, soil and vegetation are only locally present. The 
discontinuous nature of the soil mantle may be further evidence of the young age of the 
DVC.
Diamond Valley Flow
The Diamond Valley flow is small in volume, covering about 0.37 km^ within 
Diamond Valley. Along the margin of the flow, the basalt is 2-3 m thick, although 
presumably the flow is much thicker in the vent area where basalt is piled up about 30 m 
above the valley floor. The flow erupted from the northwest flank of the DVC, and due 
to the relatively flat topography of Diamond Valley, spread out and pooled around the 
DVC (Figure 5).
The Diamond Valley flow is ‘A’a in nature and its surface is characterized by large, 
tilted blocks and slabs. High pressure ridges with deep rifts are common. Small lava 
tubes (0.5 to 2 m in diameter) are also quite common, particularly in the area close to the 
vent area. Poorly developed columnar jointing is exposed where a stream has eroded the 
western margin of the flow. Stream erosion has locally perched the flow up to 1 m above 
the drainage.
In fresh hand samples, the basalt is dense and black. However, Fe-oxidation is 
common. Phenocryst assemblages include abundant small olivine crystals, opaque 
minerals, and rare plagioclase phenocrysts. XRD analyses indicate that the opaque 
mineral is magnetite rather than illmenite. The plagioclase phenocrysts are most obvious
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in thin section and distinguish the Diamond Valley flow from the Santa Clara flow, 
which lacks plagioclase phenocrysts.
Snow Canyon Cone
The Snow Canyon cone (SCC) is located in the southern part o f Diamond Valley 
(Figure 5), and is significantly larger and has a more complicated eruptive history than 
the DVC. The SCC is 140 m in height, 450 m in diameter, and has relatively steep flanks 
(31°) (Appendix F, Photo 14). The summit crater is well defined, and is approximately 
150 m in diameter and 30 m deep. The southwest rim of the crater is about 35 meters 
higher than the northeast rim. The SCC was built on the end of a ridge composed of 
Navajo sandstone.
The SCC is made up of lapilli-sized material, dominated by black, blocky scoria, 
although locally red scoria and welded scoria are present. Red scoria dominates along 
the crater rim, where two outcrops of red basalt spatter are also present. Patches of soil 
and vegetation are also locally present on the flanks and summit of the SCC.
A highly vesicular, olivine-rich dike crops out along the sandstone ridge adjacent to 
the SCC (Figure 7) (Appedix F, Photo 15). The dike strikes N 25° E, dips 40° W, is 0.5 
m wide, and is exposed for approximately 20 m along strike. Two very small volume 
basalt flows erupted from this dike along the crest o f the sandstone ridge and flowed 
down opposite sides of the sandstone ridge (Figure 7).
A small spatter cone (approximately 90 m in diameter) is located adjacent to the SCC, 
between the SCC summit crater and the dike. The spatter cone consists of red basalt 
spatter, and is partially buried by scoria from the SCC (Appendix F, Photo 16).
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A roughly oval-shaped mound of red, sculpted scoria bombs is located immediately 
adjacent to and east of the SCC. Due to its symmetrical shape, and the different nature of 
its scoria compared to that of the main SCC, it is considered to be a secondary cinder 
cone and will be referred to as the Third Cone.
Three large mounds consisting of welded scoria, spatter, and massive basalt layers are 
located northeast of the SCC.
The vent area for the Santa Clara flow may be represented by relatively gently 
sloping area on northwest flank of the SCC. This area is dominated by red scoria, welded 
scoria, and basaltic spatter. All of these features are typical of a vent area or boca.
The mounds of basalt, welded scoria, and spatter located immediately northeast of the 
SCC are interpreted as rafted blocks of the cone’s flank that were carried on top of the 
flow during a flank breach in this direction. The low point along the summit crater rim is 
also located on this side of the cone, and provides further evidence o f a flank breach.
The SCC was probably formed by a prolonged eruption with several distinct phases. 
The main cone consists mostly o f loose, blocky lapilli and was built during a typical 
Strombolian event. However, the spatter cone located just southwest of the summit crater 
was built during a hotter, Hawaiian style eruption. The welded scoria and basaltic spatter 
present in the rafted blocks are also evidence of Hawaiian-style activity. The Hawaiian 
phase occurred prior to the latest period of Strombolian activity as evidenced by the 
scoria from the main cone overlying spatter.
It is worth noting that many of the vents of the SCC form a northeast trending 
alignment. This alignment includes the source areas of the two small flows that erupted 
from the SCC dike, the dike itself, the spatter cone, and the SCC summit crater (Figure 7)
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(Appendix F, Photo 15). The trend of vent alignment has a strike nearly identical to that 
of the SCC dike, and is also similar to the strike of the northeast trending joint system 
common in the Mesozoic sedimentary units of the region (Willis and Higgins, 1996). 
These joints likely controlled the location of conduits through which the Santa Clara 
basalt reached the surface.
The youthful age o f the SCC is indicated by the steepness of its flanks, the symmetry 
of the cone, the well-developed summit crater, the absence of a debris apron along the 
base of the cone, and the patchy nature of vegetation and soil on the flanks of the cone.
Santa Clara Flow
The Santa Clara flow originated from the SCC, and flowed more than 12 km to the 
south. Because the flow is located within the active drainage, its margins are not well 
exposed and thus its thickness is not well constrained. Along the flow margins, thickness 
ranges from 2 to 5 m, but in places where lava tubes have collapsed near the center of the 
flow it is more than 10 m thick. In Chapter 8, the results of magnetic survey are 
summarized. This survey indicates that locally the flow is as much as 20 m thick.
The majority of the Santa Clara flow erupted from the vent area on the northwest 
flank of the SCC, and flowed southwest and then south down the Winter Quarters 
drainage before cascading into Snow Canyon. Snow Canyon trends north-south, and 
consists o f two parallel drainages (herein referred to as the west and east canyons) that 
are separated by a fin of Navajo sandstone. The two canyons come together near the 
mouth of the canyon. Upon entering Snow Canyon, the Santa Clara flow split into two 
branches; one cascaded into the west canyon (which is approximately 100 m deeper than
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the east canyon) while the other remained within the upper, east canyon. The two 
branches merged where the two canyons rejoin, and then flowed out of the canyon onto a 
wide open, flat area. On this flat terrain, the flow spread into two large lobes known as 
North and South Black Rocks (Plate 1).
The division of the Santa Clara flow within Snow Canyon presents one of the 
principal mechanical flow problems. It seems logical that the entire flow should follow 
the topographic gradient into the west canyon. Because this did not occur, some special 
circumstances must have been in effect. One possible explanation is that basalt in the 
east canyon hides a deeper drainage which helped direct a branch of the flow in this 
direction. This theory is explored using geophysical techniques in Chapter 8. Another 
possibility is that the flow included several cooling units. An early unit (Qbsi) may have 
cascaded down into the west canyon, and then cooled, creating a basalt dam. This dam 
may have blocked the drainage, and prevented later units (Qbs:) from flowing in this 
direction. Evidence for multiple cooling units is locally present in places where the entire 
thickness of the Santa Clara flow is exposed. In these localities, massive basalt separated 
by layers o f agglutinate is observed (Appendix F, Photo 17). Note that agglutinated 
scoria commonly collects along the base and sides of basalt flows. One cooling unit 
margin was traced for about 1 km, and is interpreted as the contact between the basalt 
that cascaded into the west canyon (Qbsi) and the basalt that remained in the upper east 
canyon (Qbsa) (Appendix F, Photo 18) (Plate 1).
The Santa Clara flow is ‘A’a, and is characterized by tilted blocks and slabs and 
pressure ridges. Lava tubes were evidently very important in transporting basalt through 
Snow Canyon. One of these tubes can be traced by the alignment of tube collapse pits.
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The tube extends from the east canyon down into the west canyon (Plate I). These 
collapse features are as deep as 10 m, and expose lava tubes that are 3 -  5 m in diameter. 
Dripping basalt flowed into the collapsed tube, indicating that the tube collapse occurred 
during the course o f the eruption.
Along most margins, the base of the Santa Clara flow corresponds nearly exactly with 
the present ground surface. However, along the eastem margin of North Black Rocks, a 
stream has significantly eroded the margin of the flow. In places, the basalt is perched as 
high as 10 m above the present drainage. Poorly developed columnar jointing is exposed 
in these localities (Appendix F, Photo 19).
Fe-oxidation is common in Santa Clara basalt. Fresh hand samples are dense and 
black, with abundant, small olivine crystals. The absence of plagioclase phenocrysts 
distinguishes the Santa Clara flow from the Diamond Valley flow.
Discussion
The Santa Clara and Diamond Valley flows are considered to be separate units as 
described above and mapped on Plate 1. This distinction is based on the significant 
lateral distance between their vents (1.5 km), flow margins that separate the two units in 
Diamond Valley (Figure 5), and differences in their phenocryst assemblages. However, 
the two flows are of very similar, if not identical, ages. Also, their chemical similarity, as 
described in Chapters 7 and 8, indicates that the two magmas are cogenetic.
Because o f the youthfulness of the Santa Clara flow a '^Ar/^ ®Ar date was not 
attempted. Although the ^°Ar^^Ar technique is not a good choice for these basalts due to 
their low K content and young age, there are other techniques which could be used in this
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situation. Young basalt flows from other volcanic fields (for example, the McCartys flow 
at the Zuni Bandera field [Dunbar and Phillips, 2004] and Sunset Crater in the San 
Francisco field [Holm, 1987]) have been dated using the *^ C technique on charred wood 
recovered from underneath the flow. Searches conducted during field work during this 
research and by geologists from the Utah Geological Survey were unsuccessful in finding 
datable material. A better option may be cosmogenic isotope techniques. The ®^C1 
technique has been used with success in the Zuni Bandera (Dunbar and Phillips, 2004) 
and Cima volcanic fields (Phillips, 2003), and would be very likely to produce good ages 
for the Santa Clara and Diamond Valley flows (Fred Phillips, personal communication, 
2005). This type of analysis should be done in the future.
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photograph. Refer to Figure 2 for location map. DVC - Diamond valley cone, Qbdv - 
Diamond Valley flow, SCC - Snow Canyon cone, Qbc - Cedar Bench flow, Qbl - Lava 
Ridge flow.
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CHAPTER 6
MAGNETIC SURVEY 
A magnetic susceptibility survey was conducted in the upper reaches of Snow 
Canyon across one part of the Santa Clara flow (Figure 8). Methods used in the survey 
are detailed in Appendix A and results of the survey are included in Appendix E. The 
survey was conducted in hopes of answering three questions: (1) How thick is the Santa 
Clara flow within Snow Canyon? (2) Can the preflow topography of Snow Canyon 
explain why the Santa Clara flow split and filled both the upper east canyon and the 
lower west canyon? (3) Can magnetic susceptibility data distinguish between cooling 
units within the Santa Clara flow?
Limitations
Interpretations o f this survey are based on the assumption that the magnitude of the 
magnetic susceptibility is directly related to the volume of basalt at a given point. Time 
constraints limited the geophysical survey to one magnetic survey line. This is a 
significant limitation prevents drawing definitive conclusions regarding the thickness of 
the Santa Clara flow based on only one profile. In addition, the measurements taken 
during the survey show a significant variation fi-om reading to reading, much of which is 
likely random noise (Figure 9 and Appendix E). This type of disruption is commonly a 
result o f magnetic storms or high magnetic gradients that may be caused by iron rich or
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ultrainafic rock just below the surface (Breiner, 1973). The Santa Clara flow is relatively 
primitive basalt with a high FeO and magnetite content (see Chapter 6), and may have 
created a high enough magnetic gradient to overload the instrument. A magnetic gradient 
problem can be overcome by moving the detector farther from the basalt surface. The 
pole used during this survey was 2 m long, a pole as long as 5 m is recommended by 
Breiner (1973) in order to deal with high gradients. The background noise requires 
significant smoothing o f the data, and thus decreases the resolution of the profile. This 
makes it difficult to identify small features in the profile.
Thickness of the Santa Clara Flow
Hamblin (1987) estimated the thickness o f the Santa Clara flow within Snow Canyon 
to be as much as 45 m, based on volume measurements outside of the canyon where the 
flow spread out into a large lobe. This estimate is significantly greater than that of Willis 
and Higgins (1996), who reported the thickness to be between 3 and 9 m, and only locally 
as thick as 18 m. The thickness of the Santa Clara flow is known at three locations along 
the survey line (Figure 8). The ends of the survey correspond with the contact between 
Navajo Sandstone and the Santa Clara flow. At these points, the flow is on the order of 2 
-3 m  thick. A lava tube collapse feature is located at an intermediate point along the 
survey line (marked as A’ on Figure 8). Here the thickness of the flow is known to be 
about 10 m.
A smoothed profile of the magnetic susceptibility readings (Figure 9) reveals flow 
thicknesses as much as 20 m and suggests that the flow occupies one or possibly two 
hidden channels. Willis and Higgins (1996) interpret the lava tube collapse locality as an
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anomalously thick portion of the basalt flow, likely representing an area of low 
topography where lava collected. If this was the case, then the magnetic susceptibility 
should peak over the top of the localized thickness, and be significantly lower over the 
rest of the flow. As evident from the magnetic profile (Figure 9), however, the lava tube 
locality does not represent the maximum magnetic susceptibility reading and 
subsequently may not be the thickest part of the basalt flow. The highest reading, and 
perhaps the thickest basalt, is at a point between the lava tube collapse and the road 
(Figure 8). Given the limitations of the survey, and the approximation inherent in the 
profile smoothing process, it is not possible to calculate an exact depth at any point along 
the survey. However, it may be possible to estimate a relative depth. Given the fact that 
the magnetic susceptibility readings were about twice as high above background at their 
maximum as they were over the collapse feature (where the basalt is known to be at least 
10 m thick), the maximum thickness of the flow within Snow Canyon may be on the 
order o f 20 m at its thickest point.
Pre-Flow Topography of Snow Canyon 
Snow Canyon at present time is divided into two parallel drainages that trend north- 
south and come together at a point near the mouth of the canyon. The floor of the eastern 
drainage is approximately 100 meters higher than that of the western drainage (Figure 
10). Both eastern and western canyons are filled with Santa Clara basalt. This 
observation is counterintuitive. Based on topography, it is logical that the entire flow 
would follow the path of least resistance downhill into the lower canyon, leaving the 
upper canyon firee o f basalt. A good understanding of the pre-flow topography may be
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able to explain why a branch of the Santa Clara flow stayed within the upper canyon. 
Comparing the magnetic profile (Figure 9) to a topographic profile (Figure 10) allows us 
to estimate pre-flow topography. The magnetic susceptibility reading increases from 
point A to the location of the maximum reading. However, the top of the flow is at a 
relatively constant elevation over this section. If the higher reading indicates thicker 
basalt, as argued above, then the bottom of the flow must be deeper. This may be 
evidence for a drainage obscured by the Santa Clara flow that channeled basalt into the 
eastern canyon. Another channel might exist between the road and point A” (Figure 10). 
Basalt may have only cascaded into the west canyon when the channels in the east 
canyon overflowed.
Identification of Cooling Unit Margins 
The location of the cooling unit margin identified during field mapping coincides 
with a small anomaly in the smoothed magnetic susceptibility profile (Figure 9). 
However, the anomaly is a small feature of the profile, and may be an artificial result of 
the smoothing process. The chemical compositions of the two cooling units are 
essentially identical (see Chapters 6 and 8), and are not likely to have significantly 
different magnetic signatures. Given their similarity and the low resolution of the data, it 
is probably impossible to identify the contact feature with this magnetic survey.
Discussion
Due to the low resolution of the magnetic data and the fact that only one line was 
surveyed, it is impossible draw any broad conclusions from this data. However, the
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survey does provide some evidence that the Santa Clara flow is significantly thicker 
within Snow Canyon than had been estimated by previous mapping efforts (Willis and 
Higgins, 1996). This increased thickness would result in higher volume estimates for the 
Santa Clara flow. Additionally, there is some indication of a buried drainage in the 
eastern canyon that diverted some of the lava into the eastern canyon. This survey is a 
slightly unusual application of magnetic geophysical techniques. Typical surveys are 
designed to identify objects of relatively high density beneath lower density units 
(Breiner, 1973), whereas this survey was designed to identify the contact between high 
density basalt on top of lower density sandstone. However, the approach does show 
promise for future efforts. Additional magnetic lines to the north and south of this line 
would produce a grid o f measurements useful for developing a 3-D image of the pre-flow 
topography. Another potential application is to determine the depth of eolian sand that 
covers the Santa Clara flow in much of Snow Canyon. Future surveys should use a 
longer pole to eliminate some of the instrumental noise caused by high magnetic 
gradients.
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Figure 8. Location map of magnetic susceptibility survey line. Blue shaded region is 
Santa Clara flow. Red line marked A-A'-A” shows survey line (Figure 9). A' marks 
location of collapsed lava tube. Green line marked B-B' shows trace o f topographic 
profile (Figure 10). Arrows show approximate flow directions. Dashed line indicates 
boundary of Snow Canyon State Park.
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CHAPTER 7 
GEOCHEMISTRY
The source of the geochemical data presented in this section is from both new 
analyses conducted at the Washington State University GeoAnalytical Lab and 
previously published data (Willis and Higgins, 1995 and 1996). Refer to Appendix A for 
sampling and analytical methods. Appendix B for all geochemical data, and Appendix D 
for sample locations.
Classification
Following the classification scheme of Irvine and Baragar (1971) volcanic rocks in 
the Pine Valley Volcanic Field (PW F) are basalts or andésites. The Santa Clara and 
Diamond Valley flows are subalkaline and tholeiitic, while the Twin Peaks, West Black 
Ridge, T-bone Hill, Big Sand, Younger Veyo, and Older Veyo flows are subalkaline and 
calc-alkaline (Figures 11 and 12). Of these subalkaline units, the Santa Clara, Diamond 
Valley, West Black Ridge, Twin Peaks, Older Veyo, and T-bone Hill flows are basalts, 
the Younger Veyo and Baker Dam flows are andésites, while the Big Sand flow is 
transitional between basalt and andésite (Figure 12). The Lava Ridge, Middleton, Cedar 
Bench, Airport, Gunlock, and Snow Canyon Overlook flows are sodic alkali hawaiites 
(Figures 11 and 13). This classification indicates four rock types for the P W F ; hawaiite, 
tholeiitic basalt, calc-alkaline basalt, and calc-alkaline andésite (see Table 2).
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Table 2 Rock Types o f the P W F
Hawaiite Tholeiitic Basalt Calc-Alkalic Basalt Calc-Alkalic
Andésite
Cedar Bench Santa Clara West Black Ridge Younger Veyo
Airport Diamond Valley Twin Peaks Baker Dam
Lava Ridge Older Veyo
Middleton T-bone Hill
Snow Canyon Overlook Big Sand
Gunlock
Major Elements
Selected major element variations of volcanic rocks in the P W T  are presented on 
Figure 14. SiOz concentrations range from 48.8 to 56.6 wt. %, FeO from 7.1 to 12.0 wt. 
%, NazO from 3.1 to 4.7 Avt. %, and MgO from 4.3 to 9.2 Avt. %. FeO, and MgO 
concentrations decrease while NazO AVt. % increases with increasing SiOz content.. 
Magnesium numbers (Mg#) range from 51 to 64. Major element plots generally break 
out individual flows into distinct groups. Exceptions include Utah Geological Survey 
samples 92N9 (Santa Clara flow) and 94N5 (Cedar Bench flow). These samples are 
troublesome and plot away from otherwise tight groups on virtually every geochemical 
diagram, indicating that they were perhaps mislabeled at some point. The Older Veyo 
flow sample (CCOl) generally plots far from the Younger Veyo flow samples. Samples 
from the Middleton and Lava Ridge flows tend to show greater chemical variability than 
other units. The Cedar Bench, Airport, and Snow Canyon Overlook flows plot in nearly 
identical positions on most plots, as do the Younger Veyo flow and Baker Dam flow 
samples. SiOz and MgO Avt% and Mg# for each of the four lava types of the field are 
summarized on Table 3.
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Table 3 SiO? and MgO Variation o f the P W F
Hawaiite Tholeiitic Basalt
Calc-Alkalic
Basalt
Calc-Alkalic
Andésite
SiOz wt. % 48.8% to 54.7% 48.8% to 50.6% 51.7% to 54.4% 55.5% to 56.6%
MgO w t % 5.7% to 9.2% 6.8% to 8.7% 5.0% to 8.3% 4.3% to 4.6%
Mg# 55 to 64 55 to 57 52 to 63 51 to 52
Trace Elements
Trace element concentrations for volcanic rocks of the P W F  are similar in 
composition, although slightly depleted in all elements, to typical oceanic island basalt 
(OIB) (Sun and McDonough, 1989) (Figure 15). Important differences include 
enrichments in Ba and Pb and depletion in Nb compared to OIB. Flows of the P W F  are 
approximately 10 times enriched in light rare earth elements (La, Ce) than in heavy rare 
earth elements (Yb, Lu) relative to chondrites (Sun and McDonough, 1989) (Figure 15). 
The Santa Clara and Diamond Valley flows show very little variation in trace element 
abundances. Variation of most trace elements is obscured by analytical scatter for these 
flows.
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descriminate alkaline from subalkaline volcanic rocks following Irvine and Baragar 
(1971).
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Figure 12. Discrimination plots of subalkaline units of the PW F following Irvine and 
Baragar (1971). Refer to Figure 11 for symbol key. Plot A is a temaiy diagram of FeO, 
MgO, and total alkali w t % to distinguish tholeitiic from calc-alkaline. Plot B is of 
normative plagioclase composition vs. color index (normative olivine + orthopyroxene + 
clinopyroxene + magnetite + ilmenite + hematite) in order to distinguish basalt from 
andésite.
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Figure 13. Discrimination plots of alkaline units of the PW F following Irvine and 
Baragar (1971). Refer to Figure 11 for symbol key. Plot A is a temaiy diagram of 
normative albite, anorthite, and orthoclase in order to distinguish sodic from potassic 
units. Plot B is of normative plagioclase composition vs. color index (normative olivine 
+ orthopyroxene + clinopyroxene + magnetite + ilmenite + hematite) in order to 
determine rock type.
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CHAPTER 8 
ISOTOPE DATA
Pb, Sr, and Nd isotopic analyses were conducted on 24 samples of 15 basalt and 
andésite flows of the P W F . These data are presented in Appendix C and plotted on 
Figures 16 and 17. Units of the P W T  show a clear trend of decreasing Sxa with 
increasing ^^Sr/^Sr (Figure 16). The P W F  trend lies below the mantle array, and end 
members include the Middleton flow (sNd of 0.54 and ^^Sr/^^Sr of 0.7036), and the Baker 
Dam flow (sNd of -7.83 and ^^Sr/^Sr of 0.7055). Samples of the P W F  plot above the 
Northern Hemisphere Reference Line (Hart, 1984), and show a trend of increasing 
206pb/204pb a minor increase in °^’Pb/^°^Pb (Figure 17). This trend is best observed 
in the hawaiites (Middleton, Airport, Lava Ridge, Cedar Bench, Snow Canyon Overlook, 
and Gunlock flows), which vary significantly in ^°^b/^°^Pb values with little variation in 
^°^Pb/^°^Pb. Conversely, samples of the tholeiitic basalts (Santa Clara and Diamond 
Valley flows) vary significantly in °^’Pb/^*^Pb with little variation in °^®Pb/^ °^ Pb.
On an ^^Sr/^Sr vs. G^ d plot, P W F  samples plot below the field of typical Late 
Cenozoic basalts of the Basin and Range and within the field of basalts typical of the 
Utah Transition Zone (Figure 18). The P W F  trend overlaps slightly with the field of 
typical Colorado Plateau basalts, but is generally lower in G^ d- The Veyo basalt and 
andésite and Baker Dam andésite are the only samples that fall outside of the Utah 
Transition Zone field.
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is the same as compiled by Sanchez (1995).
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line delineates typical Utah Transition Zone basalts (Downing, 2000; Sanchez, 1995).
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CHAPTER 9
INTERPRETATION
Comparison of the Santa Clara and 
Diamond Valley Volcanic Centers 
The Santa Clara and Diamond Valley flows were previously mapped as a single unit 
(Willis and Higgins, 1995 and 1996). In Chapter 5, the two flows were differentiated 
based on field relationships, phenocryst assemblages, and the significant lateral distance 
between their respective vent areas; the Snow Canyon cone (SCC) and Diamond Valley 
cone (DVC) (Plate I). Chemically, however, the Santa Clara and Diamond Valley flows 
are so similar that they are considered a single magma type.
Chemical Variation of the Santa Clara 
and Diamond Valley Flows 
For the most part, samples of the Santa Clara and Diamond Valley (SCDV) flows 
show only minor chemical variability (Table 4). However, some trends were identified 
within the SCDV dataset. For example FeO and MgO decrease with increasing SiO] wt. 
% (Figure 19). Samples that are closely associated with the SCC tend to plot towards the 
more primitive end of these trends (higher FeO and MgO, lower SiOz). These samples
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include a dike near the SCC, two flows that erupted from the dike, and a rafted block of 
basalt adjacent to the SCC.
Fractional Crystallization 
Any reasonable fractionating assemblage to explain the chemical variability within 
the Santa Clara and Diamond Valley flows must be dominated by olivine, based on 
phenocrysts observed in hand samples and thin sections. Sample SCC02 has the highest 
Mg# and the second highest Cr abundance of the SCDV dataset, and is thus considered 
the most primitive sample and a reasonable estimate o f the most primitive magma. FeO 
is only compatible in olivine at depths shallower than approximately 40 km (Langmuir et 
al., 1992). For the trend of decreasing FeO (Figure 19) to be explained by fractional 
crystallization (FC), the process must have occurred at relatively shallow depths. Testing 
FC for the SCDV using trace element abundances is difficult, as the variation for many 
elements is so small that it is completely or partially obscured by analytical scatter (Table 
5). Fractionation curves using an assemblage of 80% olivine, 10% magnetite, and 10% 
plagioclase from a parent magma with the composition of sample SCC02 are plotted on 
Figure 20. Trends of elements whose variation is significant can generally be simulated 
with less than 5% fractionation. Based on this modeling, a viable explanation for the 
chemical variation observed in the SCDV dataset is small degrees of FC occurring at 
depths o f less than 40 km in the crust.
Magma Mixing or Assimilation 
Other possible differentiation processes that might explain chemical variation in the 
SCDV dataset include magma mixing or some combination of assimilation and fractional 
crystallization (AFC). The youngest Veyo flows represent a possible magma mixing
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component, as their estimated age of 0.50 Ma (Hamblin, 1987) is roughly similar to that 
o f the SCDV flows. However, mixing lines between the two magmas do not agree with 
the observed chemical variation of the SCDV flows (Figure 20). The small variation in 
Sr and Nd isotope ratios (Figure 21) requires that any assimilated component be 
isotopically similar to the magma. Both components would have to have similar mantle 
sources. This requirement makes mixing and AFC models difficult to defend in this case, 
as potential assimilated components, including felsic crustal rocks or Veyo magma, have 
significantly different isotope abundances than the SCDV magma (see Chapter 8). In 
addition, assimilating felsic crustal material would have resulted in a significant SiOz 
enrichment that is not observed (Figure 19).
Discussion
The Diamond Valley and Santa Clara flows are remarkably similar in chemistry.
Most major element components vary by less than 0.5 wt. % (Table 4), while trace 
element and isotope ratio differences are largely negligible (Tables 5 and 6). Although 
variations are small, fractional crystallization of olivine, magnetite, and plagioclase at 
shallow depths is the preferred explanation of chemical variation in the SCDV.
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Table 4 Major Element Variation of SCDV Flows. All values in weight percent.
Component High Low Variation Analytical Precision (2o)
SiOz 50.60 48.84 1.75 ±0.36
TiOz 1.61 1.46 0.15 ±0.008
AI2O3 16.00 14.73 1.27 ±0.22
FeO 12.03 11.41 0.63 ±0.02
MnO 0.20 0.17 0.03 ±0.002
MgO 9.08 8.60 0.48 ±0.2
CaO 9.08 8.60 0.48 ±0.02
NazO 3.49 3.10 0.38 ±0.1
KzO 0.89 0.53 0.36 ±0.14
P2O5 0.32 0.22 0.10 ±0.004
Table 5 Selected Trace Element Variation of SCDV Flows. All values in ppm.
Element High Low Variation Analytical Precision (2o)
Ni 171 94 77 ±2
Cr 258 234 24 ±4
Rb 7.4 6.6 0.8 ±1.34
Ba 275 264 41 ±25.36
Nb 12.0 11.3 0.7 ±1
Hf 2.8 2.52 0.28 ±0.14
Ta 2.21 1.22 0.99 ±0.04
La 14.47 13.46 1.01 ±0.98
Ce 28.33 26.28 2.05 ±1.24
Nd 15.13 13.98 1.15 ±0.96
Eu 1.43 1.31 0.12 ±0.08
Gd 4.44 4.09 .35 ±0.16
Tb 0.74 0.68 0.06 ±0.02
Y 22.42 20.74 1.68 ±0.58
Yb 1.77 1.66 0.11 ±0.06
Lu 0.27 0.25 0.02 ±0.02
Table 6 Isotone Ratio Variation of SCDV Flows.
Ratio High Value Low Value Difference Analytical Precision
.!UC.pb/^ U4pb 18.067 17.992 0.075 ±0.018
207pb/204pb 15.566 15.508 0.058 ±0.023
208pb/204pb 38.202 38.080 0.122 ±0.076
*’Sr/®Sr 0.704579 0.704418 0.000161 ±0.00002
’^ ^N d/'^d 0.51248 0.512443 0.000037 ±0.00001
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Mantle Sources of the Santa Clara and 
Diamond Valley Flows 
Depth of Melting
The depth of melting and the length of the melting columns for the SCDV were 
determined following Wang et al. (2002). This technique uses the fact that FeO becomes 
increasingly compatible in mineral phases at lower pressures to determine the depth of 
the bottom of the melting column. The incompatibility of NazO is used to determine the 
amount of partial melting and subsequently the height of the melting column (Figure 22). 
Using this system, the depth of melting for the SCDV was calculated to range from 141 
to 128 km. This result is suspicious because at these depths, pressure is too high for 
adiabatic melting to occur. Wang et al. (2002) suggested that it may be necessary to 
correct FeO wt. % for the percentage of total Fe that is in FezOa. This correction 
increases the ratio of MgO to FeO, and effectively decreases the pressures and depths of 
melting. Correcting for 10% ferric Fe as suggested by Wang et al. (2002) results in a 
more realistic estimate of the depth o f melting o f the SCDV magma: 116 to 103 km 
(Figure 23). This melting column is consistent with those of other transition zone 
volcanic centers analyzed by Wang et al. (2002). Given the lithosphere thicknesses 
estimated by Jones et al. (1996) and Jones (personal communication, 2005), the melting 
column of the SCDV magma is completely within the asthenosphere.
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Chemical Evidence of Mantle Source 
Geochemical data reveal the influence of two major components in the genesis of the 
SCDV magma; an enriched asthenosphere (OIB-like) component, a mid-ocean ridge 
basalt (MORE) component that resides in the lithospheric mantle.
An element distribution diagram normalized to oceanic island basalt (OIB) reveals an 
OIB signature, evidence of an enriched mantle component (Figure 24). However, trace 
element abundances are slightly depleted relative to OIB, indicating the influence of a 
second component. In order to produce the observed depletion, the second component 
must have a composition similar to MORE (Figure 25). The contribution of MORE can 
only be evaluated qualitatively, due to the wide range of possible MORE sources (from 
enriched to depleted MORE; Wilson, 1989)
If the flat Farallon slab still exists immediately beneath the lithosphere in the region 
west o f the Laramide orogenic belt, then it represents a possible MORE component in the 
petrogenesis of magmas of the region. It is improbable that asthenosphere-derived melts 
could pass through a slab of dense ultramafic rock without becoming contaminated. 
Typical young MORE has primitive Sr and Nd isotope ratios (snu ~ +10 and ^^Sr/^Sr ~ 
0.702), and contamination by a young slab of oceanic crust should result in a trend 
toward these values. As this is opposite of the trend that is actually observed in the 
P W F  (Figure 21), the isotope data does not support the presence of the Farallon slab at 
shallow depths in the mantle beneath southwestern Utah. This suggests that the slab is 
either gone entirely or has sunk to depths below the melting columns of the P W F  (>116 
km).
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Significant evidence exists for a lithospheric component in the petrogenesis o f the 
P W F  magmas. Nb depletion evident on Figure 24 is especially good evidence for a 
lithospheric mantle source for the component, as are the relatively low Nb/La ratios (see 
Chapter 10) (Fitton et al., 1991). Further evidence of lithospheric mantle influence is 
provided by evolved Sr, Nd, and Pb isotope ratios. Melts derived from asthenosphere 
should have primitive isotope ratios. Typical MORE and OIE have primitive isotope 
values (sNd > +5 and *^ Sr/®®Sr < 0.7035). SCDV flows, however, have evolved isotopic 
ratios with a mean SNd of -3.4 and ’^’Sxl^^Sr is 0.7045. These values place the flows very 
near a mixing line between the theoretical mantle reservoirs I and III of Nelson and 
Tingey (1997) (Figure 21). Mantle reservoir I is similar to OIE and is thus considered to 
be an asthenospheric mantle source, while reservoir III is considered to be a lithospheric 
mantle source. This mixing line indicates that the SCDV basalts could be created by 
approximately 30% contamination of an asthenospheric melt by lithospheric mantle.
In the case of the SCDV basalts, reservoir III has an isotopically evolved MORE 
composition. This appears to be a contradiction since typical MORE is isotopically 
primitive. This contradiction may be explained, if  a MORE component was emplaced 
into the lithosphere during subduction and allowed to evolve isotopically for a period of 
time on the order of a billion years. In this case, its isotope values would approach that of 
typical lithospheric mantle (sNd ~ -8 and ’^Sr/^Sr ~ 0.706) (Eradshaw et al., 1993). 
Mixing of an asthenospheric melt with isotopically evolved, Proterozoic MORE can 
explain the seemingly contradictory trace element and isotope data of the SCDV. Thus 
the lithospheric and MORE components suggested above may be one and the same. If 
the MORE component is typical of subducted assemblages, it includes oceanic sediment
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in addition to oceanic crust. This sedimentary component could be responsible for the 
high Pb values observed in SCDV magma (Wilson, 1989 p. 183).
The evident interaction between the OIB and MORE components could be 
interpreted as either liquid-liquid mixing or assimilation of solid lithospheric mantle by 
an asthenospheric melt. The depth of melting presented above indicates that the entire 
length o f the SCDV melting column was located within the asthenosphere. This 
conclusion is consistent with the mantle melting profile of Wang et al. (2002) and 
recently published melting models which contend that lithospheric mantle is not capable 
o f producing significant volumes of melt during the later periods of extension (Harry and 
Leeman, 1995; Hawkesworth et al., 1995). For these reasons, contamination of 
asthenosphere-derived magma with Proterozoic MORE from the lithosphere is the 
preferred explanation for the lithospheric mantle signature of the SCDV basalts.
Additional evidence for an old lithospheric source is the observation that Pb isotope 
ratios plot near the 1.6 Ga isochron on a ^°^b/^°^Pb vs. ^°^Pb/°^Pb diagram (Figure 21). 
In the southern Easin and Range, this pattern has been interpreted as evidence for 
influence of lithospheric mantle (Eradshaw et al., 1993).
Nusbaum et al. (1997) came to a slightly different conclusion using similar data. 
Although they noted that the OIE-like trace element abundances were indicative of an 
asthenospheric source, they were convinced by the evolved isotopic signature that the 
SCDV had a lithospheric mantle source. Given the depth of melting calculations 
presented above, it would seem that the OIE-signature of trace element abundances 
cannot be ignored and that the melts originated in the asthenosphere. The evolved 
isotope data can be logically explained as evidence of lithospheric contamination.
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Relationship of the Santa Clara Flow to 
the Pine Valley Volcanic Field 
The earliest eruptive activity of the P W F  is dominated by calc-alkaline basalts (Twin 
Peaks, West Black Ridge, and T-Bone Hill flows). A second phase in the evolution of 
the field is dominated by hawaiites, although the calc-alkaline Big Sand flow is an 
exception. Several magma types are represented during the latest period of activity; the 
SCDV basalts are the only tholeiites of the field, Veyo-4 is an andésite, while a sample 
that is tentatively mapped by Hayden (2005) as Veyo-1 is calc-alkaline basalt. Chemical 
analyses are not available for Veyo-2, Veyo-3, or Veyo-5. Depths of melting were 
calculated for the Big Sand and Lava Ridge/Middleton flows (Figure 22). Magma of the 
Big Sand flow was produced by partial melting at depths of 87 to 75 km, and the melting 
column for the Lava Ridge/Middleton flow extends fi-om 63 to 50 km. These depths have 
been corrected for ferric Fe. In addition, the uncorrected depth of melting for the 
Gunlock flow that was published in Wang et al. (2002) is 109 to 93 km. Correcting the 
Gunlock depths for ferric Fe results in a depth o f melting of 84 to 62 km. When 
combined with SCDV depths, these four data points indicate that depths of melting in the 
P W F  have generally increased over the past 1.6 m.y. (Figure 23). All units of the P W F  
have trace element abundances that suggest melting of an asthenospheric source modified 
by lithospheric contamination (Figure 15). P W F  magmas plot on a Sr and Nd isotope 
trend that ranges from values similar to OIB (sNd = 1, ^^Sr/^Sr = 0.7035) to highly 
evolved values (cxa = -8, ’^Sr/^^Sr = 0.7055) (Figure 16). This trend is similar to that of 
the mixing line between the hypothetical mantle reservoirs of Nelson and Tingey (1997), 
and thus is interpreted as reflecting various degrees of lithospheric contamination of an
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asthenospheric melt (Figure 21). On a Pb isotope ratio plot, ail units of the P W F  fall on 
or near the 1.6 Ga isochron, suggesting a similar age for the lithospheric mantle involved 
in the genesis o f the magmas (Bradshaw et al., 1993). Isotope ratios of P W F  magmas 
do not appear to have a systematic trend over time.
The similarity of P W F  trace element abundances to OIB is strong evidence of an 
asthenospheric mantle source (Figure 15). Depths of melting that were calculated for 
several units from the second episode of active volcanism are surprisingly shallow for 
asthenospheric melts (i.e., the Big Sand flow at 63 to 50 km) (Figure 23). However, the 
depth of the lithosphere/asthenosphere contact in the Utah Transition Zone remains 
enigmatic, and a seismic profile from the Nevada Test Site to Navajo Lake, Utah has 
indicated that the contact may currently be as shallow as 67 km in southwestern Utah 
(Jones et al., 1996; Jones personal communication, 2005). If this is the case, then it is not 
unreasonable to interpret the young volcanic units o f the P W F  as asthenospheric melts, 
as is indicated by geochemical data.
Similar to the SCDV flows, the older units of the P W F  show evidence of 
lithospheric contamination, including evolved Sr, Nd, and Pb isotope data (Figures 16 
and 17) and low Nb/La ratios (Figure 27). An element distribution diagram reveals that 
the older units of the P W F  are enriched in trace elements relative to SCDV flows 
(Figure 15), indicating that the older flows of the field were less contaminated by the 
lithospheric MORB component. This result may be evidence that extensional stress in 
the region was greater at the time of the earlier eruptions, allowing easier passage of 
magma to the surface.
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Figure 19. Variations in Si02, FeO, and MgO w t % for samples of the Santa Clara flow. 
Outlined regions show range of values for samples that are closely associated with the 
Snow Canyon Cone. Error bars marked 2 a  in the lower left comer o f each plot indicate 
the standard deviation for each component
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Figure 20. Variations in Ni, Hf, and Cr abundances for samples of the Santa Clara and 
Diamond Valley flows. All values in ppm. Black lined curves represent crystal 
fractionation of a 80% olivine, 10% magnetite, and 10% plagioclase assemblage from 
sample SCC02. Tick marks indicate 1% fractionation. Red line on Plot A indicates 
mixing line between the Santa Clara/Diamond Valley magma and the Veyo magma. Tick 
marks indicate 20% mixing.
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Figure 21. Plot A is a Sr isotope vs. Nd isotope diagram. Roman numerals indicate the 
inferred mantle resevoirs of Nelson and Tmgey (1997). Curve shows hypothetical mixing 
line between resevoirs I and III, tick marks indicating 20% contamination of I with III. 
Plot B is a Pd isotope diagram. Line labled NHRL is the Northern Hemisphere Reference 
Line (Hart, 1984). Dashed line is the 1.57 Ga secondary isochron that Bradshaw et al. 
(1993) interpreted as showing the age of the lithospheric mantle below the western U.S.
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Figure 22. FeO and Na^O melting curves calculated following Wang et al. (2002) and 
Langmuir et al. (1992). All values in wL %. Each curve represents calculations for an 
individual flow. The top of the curve gives the pressure and composition of initial 
melting (Pq), the location of the symbol gives the pressure and composition of final 
melting (P )^, and each tickmark represents 0.1 GPa. A copy of the spreadsheet which was 
used to calculate the melting curves is included on the attached CD.
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Figure 23. Melting columns for units of the PW F plotted against age. Shaded regions 
indicate the approximate depths of the crust/mantle boundary and the 
lithosphere/asthenosphere boundary in SW Utah (Craig H. Jones, personal 
communication). A copy of the spreadsheet that was used to calculate melting curves is 
included on the attached CD.
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Figure 24. Trace element spider diagram of samples of the Santa Clara and Diamond 
Valley flows normalized to OIB following Sun and McDonough (1989).
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Figure 25. Trace element distribution diagram normalized to primitive mantle following 
Sun and McDonough (1989). Red circles indicate average values for the SCDV dataset. 
Green triangles indicate average values for OIB (Sun and McDonough, 1989). Blue 
squares indicate average values for enriched MORB (Sun and McDonough, 1989).
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CHAPTER 10
REGIONAL GEOCHEMICAL TRENDS 
Basin and Range volcanism typically has an asthenospheric mantle signature, while 
Transition Zone and Colorado Plateau basalts typically have a lithospheric signature. 
Given this pattern, it is often assumed that the boundary between volcanic centers with 
asthenospheric and lithospheric signatures is coincident with the Utah Transition Zone in 
the area of northwestern Arizona and southwestern Utah. Downing (2000) tested that 
assumption by compiling a database of geochemical data from across the Utah Transition 
Zone and interpolating chemical data using GIS. This database included both original 
chemical data and data compiled from previous studies (Fitton, 1989; Sanchez, 1995; 
Wenrich et al., 1995; Nelson and Tingey, 1997).
Ratios of high field strength elements (HFSE) like Nb and Ta to light rare earth 
elements (LREE) (La, Ce) are commonly used to identify the influence of a lithospheric 
component. These ratios are significant because lithospheric mantle is enriched in LREE 
and depleted in HFSE relative to asthenosphere. Nb/La is a particularly diagnostic 
HFSE/LREE ratio (Fitton et al., 1991); values less than 1.1 indicate the influence of 
lithospheric mantle and values greater than 1.1 indicate an asthenospheric mantle source. 
When Downing (2000) interpolated Nb/La values over the Utah Transition Zone, she was 
able to identify a sharp contact between volcanic centers with asthenospheric vs.
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lithospheric signatures (Figure 26). This boundary was found to exist at a high angle to 
the Utah Transition Zone, rather than being coincident with it.
Downing’s (2000) interpolated map predicted that the P W F  would have a 
lithospheric mantle signature. However, the field is located in an area that was not well 
sampled in that study and subsequently had poor data control. One of the goals of this 
research was to add the P W F  to the existing database, and to determine whether the new 
data would significantly change the interpolated trend of the mantle boundary. Nb/La 
values for the P W F  fall within the range of 0.4 to 0.9 as predicted by Downing (2000) 
(Figures 26 and 27). As a result, developing a Nb/La map that includes the new PW /F 
data does not significantly change the location of the inferred mantle boundary (see 
Appendix A for description of interpolation methods).
Downing (2000) interpreted the boundary between volcanic centers with 
asthenospheric and lithospheric signatures as a physical feature, for example an abrupt 
change in lithospheric thickness or composition. Her conclusions were based on the 
assumption that melts with a lithospheric signature represented melts derived fi’om the 
lithospheric mantle. It was argued in Chapter 9 that the volcanic units of the PW /F were 
derived from the asthenosphere, and that their lithospheric signature is the result of 
contamination. In addition, depth of melting calculations presented above along with 
geophysical constraints (Jones et al., 1996; Jones personal communication, 2005) have 
indicated that the lithosphere is relatively thin (67 km) in the P W F  region. For these 
reasons, the mantle boundary is interpreted as a stress field boundary rather than a 
physical feature. A reasonable assumption may be that regions under greater extensional 
stress allow magmas easier passage to the surface, with less opportimity to interact with
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lithosphere along the way. This results in an asthenospheric signature for volcanic rocks. 
Regions under lower extensional stress allow a greater chance for asthenospheric melts to 
interact with lithosphere, and ultimately in a lithospheric signature for volcanic rocks. 
Recent studies have used geodetic surveys in order to determine present-day strain rates 
in the Basin and Range (Dixon et al., 1995; Bennet et al., 1998; Bennet et al., 2003). 
These studies have shown that subregions within the Basin and Range province can have 
significantly different directions and magnitudes o f strain. Unfortunately, the region of 
southwest Utah and northwest Arizona has poor data control in these studies. Estimates 
of strain rates o f Quaternary faults in the region do not appear to support greater strain 
rates south of the interpolated boundary (2004, USGS). However, researchers who have 
conducted geodetic surveys contend that paleoseismic studies may understimate strain 
rate (e.g. Dixon et al., 1995). Further investigation is necessary to determine what the 
interpolated mantle boundary o f the Utah Transition Zone reveals about strain rate.
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Figure 26. Comparison of interpolated Nb/La values for the Utah Transtion Zone before 
and after adding the Pine Valley Volcanic Field to the dataset Heavy dashed lines 
delineate the inferred mantle boundary.
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purely asthenospheric melts. Yellow shaded region indicates the range of values 
predicted for the P W F  by the extrapolated Nb/La map o f the Utah Transition Zone by 
Downing (2000).
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CHAPTER 11
SUMMARY AND CONCLUSIONS 
The P W F  is characterized by small volume mafic flows and associated cinder cones. 
Units o f the P W F  fall into four categories; tholeiites, hawaiites, calc-alkaline basalts, 
and calc-alkaline andésites. The eruptives have occurred sporadically over the last 2.4 
Ma, with an average recurrence interval of 105 ka. The dominant eruptive style of the 
field is Strombolian, although brief Hawaiian and hydromagmatic phases have occurred. 
In general a good correlation can be made between the age and the condition (including 
slope o f flanks, presence of summit craters, and presence of loose scoria) of cinder cones 
of the P W F .
The youngest units of the P W F  are the Santa Clara and Diamond Valley flows 
(SCDV), which erupted in the past 20 ka. Cinder cones associated with the SCDV (the 
Snow Canyon and Diamond Valley cones) indicate a complex eruptive history that 
included at least four vents and both Strombolian and Hawaiian phases. The Santa Clara 
and Diamond Valley flows can be differentiated based on field relationships and 
phenocryst assemblages. Chemically, however the SCDV are nearly identical and feature 
very, slight variation. This variation is a result o f shallow (< 40 km) crystal fi-actionation 
of an assemblage dominated by olivine and including magnetite and plagioclase. The 
Santa Clara flow consists of more than one cooling unit, which could explain why the 
flow divided in Snow Canyon. An older cooling unit may have created a basalt dam that
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prevented later cooling units from following the topographic gradient down into the 
lower west canyon. A magnetic susceptibility survey suggested the presence of hidden 
channels in the east canyon, which could have contributed to the division of the flow.
Geochemical data indicate two components in the genesis of the P W F  magmas. The 
magmas are derived from an OIB-like source in the asthenosphere. During their ascent to 
the surface they were contaminated by MORB that was located in the lithosphere. The 
MORB component has an evolved isotopic signature, indicating that it is quite old 
(Precambrian). An isotopically evolved sedimentary signature evident in units of the 
PW /F is attributed to oceanic sediment associated with the MORB component.
Data from the P W F  has confirmed the existence and location of the Transition Zone 
mantle boundary first identified by Downing (2000). However, based on the 
understanding o f mantle source developed in Chapter 9, the mantle boundary is 
interpreted as an abrupt change in stress fields rather than a physical feature.
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APPENDIX 1 PHOTOGRAPHS
Photo 1. Veyo Cone from the south- Note breached southeast flank.
Photo 2. Scoria at Veyo Cone cinder p it Thin, fine-grained, brown 
layers above rock hammer are surge deposits.
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Photo 3. Dammeron Valley cone from the west. Note breached flank. 
An outcrop of the Iron Springs Fformation has been exposed by erosion 
within the breach.
Photo 4. Aerodynamically sculpted bomb from the summit of the 
Dammeron Valley cone.
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Photo 5. Big Sand cone from the south. Note extensive reworking on the 
east side of the cone as a result of cinder mining operations.
iili
Photo 6. Outcrop on Big Sand cone exposed by mining operations. Note 
pervasive red color of scoria and also large, block bombs.
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Photo 7. Welded scoria near the summit of the Lava Ridge vent.
Photo 8. Diamond Valley Cone from the south.
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Photo 9. Outcrop at scoria pit on Diamond Valley cone.
Photo 10. Scoria bomb with a colorful glass rind. Collected from 
Diamond Valley cone.
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Photo 11. Soil exposed in road cut on Diamond Valley cone.
Photo 12. Small lava tube near the vent of the Diamond Valley cone.
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Photo 13. Boca near the vent area o f the Diamond Valley cone.
_ i*.
Photo 14. Snow Canyon cone from the northeast.
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Photo 15. View to northeast along strike o f SCC dike towards spatter 
cone and the SCC.
Photo 16. Outcrop of basalt spatter on the spatter cone o f the Snow Canyon 
Cone.
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Cooling Unit 2
Photo 17. Cooling units within the Santa Clara flow exposed near the 
mouth o f Snow Canyon.
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Photo 18. Contact between cooling units Qbsi and Qbs2 in upper Snow 
Canyon.
Photo 19. Perched Santa Clara flow located along the northeast margin of 
North Black Rocks.
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APPENDIX 2 METHODS
Field Sampling and Sample Preparation 
Twenty-nine samples of units of the Pine Valley Volcanic Field were collected for 
geochemical analyses (see Appendices B and C for geochemical and isotope analysis 
results and Appendix D for sample locations). All samples were field cleaned. Samples 
were broken into small chips (less than 5 cm in diameter) with a rock hammer. Any 
chips that exhibited alteration or oxidation were discarded. Samples were stored in 
Ziploc bags, and were never handled with bare hands. All bags were immediately labeled 
and a GPS location was taken at each sample location.
In the UNLV sample preparation lab the PW F samples were first reduced to smaller 
chips (less than 1 cm in diameter) using the chipmunk rock crusher. These chips were 
then loaded into a W-carbide mill and reduced to a fine powder using a shatterbox rock 
crusher. One sample (XEOl) was too small in volume to be safely loaded in the 
shatterbox. This sample was reduced to a powder using a mechanical agate mortar and 
pestle. Samples for major and trace element analyses were stored in Ziploc bags; 
samples for isotope analyses were stored in small glass vials.
Geochemical Analyses 
Major element abundances were analyzed using a Rigaku X-ray fluorescence 
spectrometer (XRF) at the Washington State University GeoAnalytical Laboratory.
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Technical notes for the XRF technique conducted at the lab are detailed by Johnson et al. 
(1999). Trace element abundances were analyzed using a Hewlett-Packard inductively 
coupled plasma mass spectrometer (ICP-MS), also at the Washington State University 
GeoAnalytical Laboratory. Technical notes for the ICP-MS technique at the lab are 
detailed by Knaack et al. (1994). Geochemical analysis results for samples of the P W F  
are included in Appendix B.
Isotope Analyses
Sr, Nd, and Pb isotope ratios were analyzed at the University o f Kansas Isotope 
Geochemistry Laboratory using a VG Sector thermal ionization mass spectrometer 
(TIMS). The laboratory follows the techniques detailed by Patchet and Ruiz (1987) for 
Sr and Nd isotope analyses, and the techniques detailed by Krogh (1982) for Pd isotope 
analyses. Isotope analyses for samples o f the P W F  are included in Appendix C.
Magnetic Susceptibility Survey 
The magnetic survey was conducted using a Geometries, Inc. G-856 portable 
magnetometer (see Appendix E for survey results). The survey line was selected so that 
it passed through locations o f known flow thickness; starting and ending on the margins 
o f the flow and passing over a lava tube collapse feature. Measurements were taken at 5 
m intervals, and GPS measurements were taken at several points along the line. At each 
station, the magnetometer was held vertical and was oriented to magnetic north by using 
a bubble level and magnetic compass attached to the survey staff. When the device was 
oriented correctly, a measurement was taken.
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In the UNLV Geophysics Laboratory the data was downloaded from the 
magnetometer onto a desktop computer. MagMap 2000, a program that comes packaged 
with the G0856 magnetometer, was then used to remove statistical outliers from the 
profile and to smooth the data. The profile was smoothed using a spline equation to a 
smoothing degree of 3.
GIS Interpolation
A DBF database file for the samples of the P W F  was created, including geochemical 
data, sample names, and sample locations. This database file was loaded into an ArcGIS 
9 map and plotted as X-Y data. A new field was created in the table for Nb/La, and 
values were determined using the Calculate Values function. The Geostatistical Wizard 
was used to interpolate the Nb/La values across the sampled region. Inverse Distance 
Weighting analysis using the 10 nearest neighbors and a power of 2 was used in order to 
follow the technique of Downing (2000) as closely as possible. Inverse Distance 
Weighting is an interpolation technique in which the influence of known points on the 
value at an unknown point is inversely related to the distance between the two points.
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APPENDIX 3 MAGNETIC SURVEY RESULTS
Station Distance from A Magnetic Susceptibility
Number (in meters)_______(in gammas)_____________ Latitude_____ Longitude
0 0 49581.6
1 5 49391.2
2 10 49383.7
3 15 49718.5
4 20 49679.4
5 25 49659.5
6 30 49181.2
7 35 49114.5
8 40 49954.3
9 45 49334.6
10 50 49671.2
11 55 49833.4
12 60 50095
13 65 50308.6
14 70 50040.2
15 75 50184.5
16 80 50542.5
17 85 51032.9
18 90 50455.4
19 95 50215.1
20 100 50023.8
21 105 50842.5
22 110 50645.7
23 115 49757.9
24 120 50140.5
25 125 50266.6
26 130 50853.8
27 135 50580.4
28 140 50252.9
29 145 49926.6
30 150 50065.7
31 155 50535.7
32 160 50521.5
33 165 50991.2
34 170 51006.6
35 175 51718.9
36 180 51408
37 185 50679.8
38 190 49474.8
39 195 50588.7
40 200 50663.2
37® 13.35’N 113® 38.96'W
37® 13.37’N 113® 38.74’W
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Station Distance from A Magnetic Susceptibility
Number (in meters)________(in gammas)_______________Latitude______ Longitude
41 205 51398.3
42 210 51551.3
43 215 50870.3
44 220 51074.6
45 225 51070
46 230 51134
47 235 50756.8
48 240 50078.8
49 245 50232.6
50 250 50442
51 255 50343
52 260 51231.6
53 265 50537.8
54 270 50226.4
55 275 50892.4
56 280 51292.9
57 285 51769.5
58 290 52129.8
59 295 52398.7
60 300 52040.6
61 305 51726.2
62 310 51228.3
63 315 51302.4
64 320 52260
65 325 52162.6
66 330 51556.1
67 335 53843.4
68 340 51892.7
69 345 51825
70 350 51414.2
71 355 50860.1
72 360 50577.8
73 365 50791.8
74 370 50632.2
75 375 50695.4
76 380 50888.8
77 385 50559
78 390 51070.1
79 395 51243.7
80 400 50046.5
81 405 49975.8
82 410 51112.3
83 415 50900
84 420 51334.8
85 425 51819.4
86 430 51457.2
87 435 51029.5
37° 13.37'N 113° 38.74’W
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Station
Number
Distance from A 
(in meters)
Magnetic Susceptibility 
(in gammas) Latitude Longitude
88 440 51331.2
89 445 51322
90 450 50941.3
91 455 51931.3
92 460 51619.5
93 465 50946.4
94 470 50894.8 37° 13.40'N 113° 38.63'W
95 475 51676.8
96 480 51819.9
97 485 52039.3
98 490 51471.1
99 495 51362.3
100 500 50830
101 505 50547.2
102 510 50505
103 515 50195.6
104 520 49838.8
105 525 49883.2
106 530 50557.7
107 535 51211.1
108 540 50351
109 545 49866.6
110 550 50170.7
111 555 50060.3
112 560 50276.5
113 565 50731.5
114 570 50418.7
115 575 50838
116 580 50446
117 585 50275.1
118 590 50803.6
119 595 50628.1
120 600 50307.2
121 605 49946.2
122 610 49416.9
123 615 49386.3
124 620 50134.4
125 625 51108.3
126 630 50820
127 635 49889.6 37° 13.42' N 113° 38.47’W
128 640 49616.3
129 645 50247.9
130 650 49844.5
131 655 49786.1
132 660 51967
133 665 51597.5
134 670 51605.9
135 675 52177.5
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Station Distance from A Magnetic Susceptibility
Number (in meters)________ (in gammas)_______________ Latitude______ Longitude
136 680 52602.3
137 685 50868.4
138 690 50456.3
139 695 51062
140 700 51264.5
141 705 50856.9
142 710 50215.5
143 715 50414
144 720 50715.3
145 725 51513.9
146 730 51570.8
147 735 51966.7
148 740 54697.3
149 745 51739.2
150 750 50091.7
151 755 49837.4
152 760 49312.8
153 765 48985.6
154 770 49055 37° 13.43'N 113° 38.39'W
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APPENDIX 4 GEOCHEMISTRY
APOl BSOl CBOl CCOl CC02 CC03 DVCOl DVC02 GLOl LROl
SiOz 49.69 54.44 48.77
Major Elements (in weight percent) 
51.70 55.51 56.65 50.36 50.60 49.60 53.73
TiO, 1.75 1.48 1.72 1.53 1.38 1.30 1.50 1.57 1.61 1.64
AI2O3 16.70 16.33 15.84 16.95 17.08 16.44 15.36 15.95 16.47 16.66
FeO 10.08 8.46 9.89 9.69 7.56 7.69 11.73 11.41 9.23 7.64
MnO 0.16 0.13 0.16 0.16 0.13 0.13 0.17 0.17 0.15 0.13
MgO 6.91 5.48 9.03 6.00 4.57 4.57 8.21 7.01 9.18 6.50
CaO 9.30 7.71 8.67 8.87 7.09 7.03 8.70 9.08 8.51 7.09
NaiO 3.72 3.71 3.75 3.51 3.83 3.66 3.12 3.36 3.67 4.23
K:0 1.28 1.93 1.60 1.20 2.25 2.13 0.62 0.62 1.13 1.92
P2O5 0.41 0.34 0.56 0.39 0.59 0.41 0.23 0.24 0.45 0.47
Ni 75 164 67
Trace Elements (in ppm) 
53 53 150 94 210 122 75
Cr 132 328 141 82 103 241 203 304 192 132
Sc 22.3 25.9 29.7 20.2 21.6 26.3 27 26.6 21.6 22.3
V 162 186 191 134 145 183 189 159 135 162
Ba 716 720 655 1233 1072 239 245 366 559 716
Rb 27.5 14.9 19.9 31.4 39.7 7 6.8 10.4 20.3 27.5
Sr 571 786 584 785 660 300 315 622 663 571
Zr 170 197 176 265 199 94 100 187 230 170
Y 21.36 22.37 28.12 29.02 26.79 20.74 22.11 25.69 26.22 21.36
Nb 20.06 34.77 20.18 30.96 22.94 11.28 11.76 18.08 18.9 20.06
Ga 19 18 19 19 19 20 20 18 19 19
Cu 52 56 81 44 46 63 63 52 47 52
Zn 87 94 95 90 81 109 115 73 73 87
Pb 8.23 7.09 6.13 12.21 11.12 2.56 2.59 3.44 7.31 8.23
La 31.84 39.74 35.03 60.57 46.47 13.7 14.44 24.61 31.49 31.84
Ce 57.56 71.42 66.18 105.96 85.44 26.82 28.2 48.66 60.71 57.56
Th 3.87 4.7 4.34 7.01 6.07 1.49 1.51 1.65 3.57 3.87
Pr 6.31 7.83 7.5 11.33 9.36 3.21 3.39 5.69 6.85 6.31
Nd 24.57 30.64 30.09 42.9 36.45 14.19 15.13 23.68 27.48 24.57
W 158 112 111 156 181 323 151 139 142 158
Cs 0.44 0.27 0.38 0.58 0.58 0.12 0.11 0.09 0.24 0.44
U 0.95 1.26 0.75 1.57 1.15 0.38 0.38 0.49 0.77 0.95
Ta 2.03 2.52 1.61 2.41 2.24 2.21 1.39 1.79 2 2.03
Hf 4.23 4.64 4.28 6.23 4.9 2.64 2.8 4.09 5.03 4.23
Sm 5.32 6.33 6.36 8.15 7.24 3.88 4.05 5.4 5.94 5.32
Eu 1.63 1.98 1.94 2.32 1.95 1.36 1.43 1.8 1.88 1.63
Gd 4.87 5.57 5.78 6.71 5.94 4.18 4.42 5.3 5.51 4.87
Tb 0.74 0.83 0.9 0.99 0.89 0.69 0.74 0.83 0.86 0.74
Dy 4.33 4.64 5.46 5.77 5.29 4.2 4.44 5.04 5.15 4.33
Ho 0.82 0.86 1.07 1.1 1.01 0.82 0.87 1.01 1.01 0.82
Hr 2.11 2.14 2.82 2.86 2.64 2.1 2.25 2.62 2.63 2.11
Tm 0.28 0.3 0.4 0.4 0.38 0.29 0.3 0.37 0.38 0.28
Yb 1.7 1.71 2.39 2.47 2.27 1.73 1.77 2.29 2.3 1.7
Lu 0.27 0.27 0.38 0.38 0.35 0.26 0.27 0.36 0.36 0.27
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MIOl SCOl SC02 SC03 SC04 SC05 SC06 SC07 SC08 SCCOl
SiOz 52.65 50.29 50.15
Major Elements (in weight percent) 
50.31 49.74 50.05 50.14 49.75 49.74 49.75
TiOz 1.78 1.52 1.51 1.51 1.48 1.51 1.51 1.49 1.51 1.47
AI2 O3 16.90 15.60 15.56 15.58 15.33 15.41 15.59 15.23 15.45 15.20
FeO 8.37 11.56 11.57 11.45 11.87 11.70 11.62 11.77 1 1 . 8 6 11.91
MnO 0.14 0.17 0.17 0.17 0.18 0.18 0.17 0.18 0.18 0.17
MgO 6.39 7.92 7.90 7.90 8.57 8.15 8.03 8.53 8.35 8.39
CaO 7.05 8 . 8 6 9.01 8.96 8.73 8.92 8.85 8.91 8.80 9.08
NazO 4.36 3.25 3.25 3.27 3.27 3.21 3.21 3.28 3.22 3.21
KzO 1 . 8 8 0.60 0.63 0.62 0.61 0.64 0.64 0.62 0.65 0.60
P2OS 0.49 0.24 0.24 0.24 0.23 0.23 0.24 0.24 0.24 0.23
Ni 1 1 2 132 130
Trace Elements (in ppm) 
129 163 141 136 160 153 157
Cr 174 238 234 235 254 243 239 248 248 249
Sc 2 1 . 8 26.6 26.4 26.8 26.4 27 27.1 26.8 27.2 26.7
V 142 181 186 184 184 184 183 187 185 173
Ba 499 238 238 241 241 234 246 243 240 244
Rb 2 1 . 6 6 . 8 6.7 6 . 6 7 6 . 8 6 . 6 7.4 6.9 7.1
Sr 678 310 316 320 315 315 329 327 323 321
Zr 232 97 97 97 95 96 1 0 1 99 99 94
Y 27.44 21.36 21.43 2 1 . 6 21.51 21.53 22.42 22.05 21.97 2 1 . 1 2
Nb 18.95 11.35 11.29 11.3 11.54 11.34 11.77 12.04 11.72 11.3
Ga 17 2 0 2 0 19 19 2 0 2 1 19 2 1 18
Cu 44 56 69 67 71 63 69 69 81 8 6
Zn 72 109 117 115 113 114 114 113 116 116
Pb 6.53 2.54 2.54 2.61 2.44 2.48 2.61 2.5 2.51 2.42
La 29.45 13.96 13.94 13.92 13.62 13.9 14.47 14.29 14.18 13.46
Ce 57.73 27.11 27.31 27.32 26.34 27 28.33 27.79 27.55 26.28
Th 3.22 1.44 1.45 1.41 1.46 1.44 1.46 1.49 1.5 1.44
Pr 6.56 3.26 3.26 3.3 3.18 3.25 3.41 3.33 3.32 3.16
Nd 26.76 14.41 14.35 14.59 14.1 14.42 14.95 14.74 14.73 13.98
W 105 1 2 2 135 127 148 138 139 143 135 173
Cs 0 . 1 2 0 . 1 2 0 . 1 2 0 . 1 2 0 . 1 2 0 . 1 2 0 . 1 2 0.14 0.13 0.14
U 0.71 0.37 0.38 0.36 0.37 0.37 0.37 0.42 0.38 0.4
Ta 1.84 1 . 2 2 1.27 1.24 1.37 1.3 1.34 1.36 1.32 1.47
Hf 5.13 2.65 2 . 6 6 2.63 2.58 2.62 2.72 2.65 2 . 6 6 2.52
Sm 5.99 3.91 3.97 4.01 3.85 3.89 4.09 3.95 4.04 3.74
Eu 1.94 1.38 1.38 1.37 1.35 1.34 1.42 1.4 1.39 1.32
Gd 5.62 4.28 4.33 4.26 4.15 4.22 4.44 4.35 4.33 4.09
Tb 0 . 8 8 0.71 0.71 0.72 0.7 0.71 0.74 0.72 0.71 0 . 6 8
Dy 5.28 4.23 4.2 4.28 4.26 4.21 4.36 4.34 4.26 4.16
Ho 1.03 0.83 0.84 0.83 0.83 0.82 0.84 0.83 0.84 0 . 8
Er 2.7 2.09 2.13 2 . 1 2 2.13 2.09 2.16 2.19 2.13 2.05
Tm 0.38 0.29 0.29 0.3 0.29 0.29 0.3 0.29 0.29 0.28
Yb 2.32 1.74 1.73 1.73 1.72 1.73 1.77 1.76 1.76 1 . 6 6
Lu 0.36 0.26 0.26 0.26 0.27 0.26 0.27 0.27 0.26 0.25
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SCC02 SCC03 SCC04 SOOl TBOl TPOl UAOl VYOl VYCOl XEOl
Major Elements (in weight percent)
SiOz 49.80 49.39 49.72 49.51 52.76 53.85 53.10 55.62 56.32 44.38
TiOz 1.46 1.49 1.48 1.74 1.37 1.37 1.37 1.39 1.39 0.47
AlzOj 15.16 15.34 15.28 16.80 15.15 15.49 15.08 17.08 16.99 11.24
FeO 11.91 12.03 11.97 1 0 . 0 1 8.94 8.70 8.82 7.46 7.29 13.12
MnO 0.18 0.18 0.18 0.16 0.14 0.14 0.14 0.13 0.13 0.19
MgO 8.72 8.70 8.58 7.05 8.33 6.98 8.26 4.55 4.29 22.67
CaO 8.65 8.75 8.76 9.34 7.82 7.84 7.76 7.07 6.80 5.91
NazO 3.23 3.25 3.15 3.72 3.46 3.51 3.41 3.84 3.95 1.59
K ,0 0.65 0.63 0.67 1.26 1.74 1.84 1.79 2.27 2.28 0.33
P2O5 0.24 0.24 0.23 0.40 0.29 0.29 0.29 0.60 0.56 0 . 1 1
Trace Elements (in ppm)
Ni 171 168 166 96 182 1 2 1 182 53 43 651
Cr 256 258 253 170 298 253 291 82 6 8 982
Sc 27.3 27.1 27.2 27.6 22.9 23 2 2 . 2 2 0 . 1 19.6 14.4
V 179 184 181 203 163 164 159 135 135 85
Ba 247 275 242 481 458 538 453 1208 1188 177
Rb 7.3 7.1 7 1 1 . 6 29 32.3 27.7 30.6 34.8 4.1
Sr 317 319 311 618 481 492 468 770 773 360
Zr 96 96 94 149 133 138 131 265 251 36
Y 21.55 21.73 2 1 . 1 2 21.98 18.64 19.63 18.29 28.68 28.42 6 . 6 8
Nb 11.61 1 1 . 6 8 11.37 21.31 18.87 18.2 18.51 30.94 29.08 3.93
Ga 18 18 2 0 2 0 18 2 0 17 2 0 2 0 1 1
Cu 81 72 71 84 59 53 52 51 59 46
Zn 116 117 113 1 0 0 83 83 83 93 96 1 1 1
Pb 2.18 2.33 2.59 4.2 6.7 7.58 6.77 12.23 12.55 2.96
La 13.83 13.92 13.66 25.02 25.07 26.81 24.74 59.85 57.35 7.83
Ce 26.81 27.1 26.48 47.38 44.98 48.16 44.31 104.23 1 0 1 . 6 6 14.81
Th 1.47 1.47 1.5 2.33 4.77 5.2 4.82 7.07 6.78 0.82
Pr 3.21 3.25 3.19 5.44 4.95 5.27 4.84 11.08 10.9 1.69
Nd 14.15 14.39 14.05 22.63 19.63 20.59 19.36 42.33 41.53 6.9
W 249 158 145 152 142 145 160 174 2 1 1 1
Cs 0.14 0.16 0.19 0 . 1 2 0 . 6 8 0.83 0 . 6 8 0.58 0.64 0.06
U 0.39 0.37 0.36 0.65 1 . 2 2 1.35 1.25 1.59 1.51 0.16
Ta 1.85 1.44 1.34 1.98 1.89 1 . 8 8 1.99 2.47 2.55 0 . 2 1
Hf 2.55 2.55 2.57 3.61 3.4 3.59 3.37 6 . 2 2 5.95 0.91
Sm 3.83 3.91 3.79 5.15 4.35 4.61 4.26 8.05 7.99 1.51
Eu 1.33 1.32 1.31 1.71 1.4 1.45 1.36 2.26 2.25 0.52
Gd 4.13 4.14 4.14 4.93 4.05 4.21 4 6.59 6.47 1.36
Tb 0.7 0.7 0.69 0.77 0.64 0.65 0.62 0.98 0.95 0 . 2 2
Dy 4.22 4.25 4.08 4.49 3.78 3.88 3.66 5.61 5.57 1.3
Ho 0.82 0.83 0 . 8 0.85 0.72 0.74 0.69 1 .1 1.08 0.26
Er 2 . 1 2.13 2.04 2.17 1.84 1.89 1.81 2 . 8 8 2 . 8 0.65
Tm 0.29 0.29 0.28 0.29 0.25 0.27 0.25 0.39 0.39 0.09
Yb 1.7 1.74 1.67 1.71 1.51 1.63 1.47 2.44 2.39 0.58
Lu 0.26 0.26 0.26 0.26 0.23 0.25 0 . 2 2 0.38 0.37 0.09
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92N1 92N2 92N3 92N4 92N6 92N7 92N9 94N1 94N10 94N11
SiOz 49.73 49.62
Major Elements (in w 
49.36 49.47 49.48
'eight percent) 
48.72 49.15 51.06 49.24 49.33
TiOz 1.56 1.53 1.59 1.55 1.60 1.61 1 . 8 6 1.28 1.58 1.71
AI2O3 15.69 15.38 15.61 14.51 15.73 15.96 16.99 14.42 16.66 15.76
FezOj 12.87 12.70 13.07 12.97 12.82 13.13 10.89 9.47 10.41 10.41
MnO 0.18 0.18 0.17 0.17 0.17 0.17 0.15 0.13 0.14 0.14
MgO 8 . 0 0 8.33 8 . 2 1 8.26 8.32 8.44 6.78 8 . 1 1 6 . 6 6 8.59
CaO 8 . 8 6 8.84 8.80 8.78 8.62 8.96 9.28 8.78 9.33 8.94
NazO 3.36 3.09 3.39 3.28 3.44 3.23 3.79 3.73 4.14 4.15
KzO 0.53 0.89 0.57 0.55 0.57 0.54 1.28 1.62 1.27 1.39
P2O5 0.29 0.32 0.28 0.28 0.29 0.30 0.47 0.29 0.43 0.56
Ni
Trace Elements (in ppm)
. .
Cr - - - - ' - - - - -
Sc - - - - - - - - - -
V - - - - - - - - - -
Ba 240 250 260 240 200 250 400 663 589 661
Rb 6 5 5 5 5 5 5 29 18 19
Sr 310 310 320 320 280 290 540 499 677 781
Zr - 280 90 90 100 100 160 158 189 227
Y - - 10 10 30 20 30 15 20 19
Nb 10 15 15 15 20 10 30 20 25 34
Ga - - - - - - - - - -
Cu - - - - - - - - - -
Zn - - - - - - - - - -
Pb - - - - - - - - - -
La - - - - - - - - - -
Ce - - - - - - - - - -
Th - - - - - - - - - -
Pr - - - - - - - - - -
Nd - - - - - - - - - -
W - - - - - - - - - -
Cs - - - - - - - - - -
U - - - - - - - - - -
Ta - - - - - - - - - -
Hf - - - - - - - - - -
Sm - - - - - - - - - -
Eu - - - - - - - - - -
Gd - - - - - - - - - -
Tb - - - - - - - - - -
Dy - - - - - - - - - -
Ho - - - - - - - - - -
Er - - - - - - - - - -
Tm - - - - - - - - - -
Yb - - - - - - - - - -
Lu - - - - - - - - - -
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94N12 94N2 94N3 94N4 94N5 SCI 107 SC-2 SC-2a SC-4 SC-4a
SiOz 51.11 51.98
Major Elements (in weight percent) 
49.31 49.25 51.63 49.22 52.57 52.57 52.69 52.69
TiOz 1.65 1.28 1.79 1.60 1.79 1.77 1.47 1.47 1.57 1.57
AlzOz 16.50 14.33 16.27 15.95 16.44 16.52 15.88 15.88 16.42 16.42
FezOz 9.89 9.59 10.35 10.48 8.87 10.85 9.38 9.38 8.13 8.13
MnO 0.13 0.12 0.14 0.14 0.13 0.14 0.13 0.13 0.12 0.12
MgO 7.40 7.99 6.65 8.46 6.79 7.04 5.76 5.76 5.84 5.84
CaO 8.46 8.22 9.53 9.12 7.91 9.07 8.21 8.21 7.70 7.70
NazO 4.19 3.77 3.92 3.86 4.35 3.93 3.57 3.57 3.94 3.94
KzO 1.18 1.60 1.24 1.22 1.46 1.12 1.79 1.79 1.86 1.86
P2O5 0.39 0.29 0.42 0.49 0.53 0.40 0.37 0.37 0.44 0.44
Ni
Trace Elements (in ppm)
83 84 95 97
Cr - - - - - - 104 98 118 123
Sc - • - - - - 21 15 20 19
V - - - - - - 151 141 146 136
Ba 661 440 553 540 771 563 741 746 683 693
Rb 19 19 30 12 19 21 23 24 22 22
Sr 781 655 495 623 704 704 582 582 690 691
Zr 227 215 154 183 206 274 193 191 253 257
Y 19 22 17 30 20 25 22 22 27 27
Nb 34 16 17 26 25 19 20 20 19 20
Ga - - - - - - 20 22 18 18
Cu - - - - - - 54 53 35 32
Zn - - - - - - 80 79 67 67
Pb - - - - - - 24 24 21 20
La - - - - - - 30 31 32 30
Ce - - - - - - - - - -
Th - - - - - - 6 8 7 10
Pr - - - - - - - - - -
Nd - - - - - - - - - -
W - - - - - - - - - -
Cs - - - - - - - - - -
U - - - - - - - - - -
Ta - - - - - - - - - -
Hf - - - - - - - - - -
Sm - - - - - - - - - -
Eu - - - - - - - - - -
Gd - - - - - - - - - -
Tb - - - - - - - - - -
Dy - - - - - - - - - -
Ho - - - - - - - - - -
Er - - - - - - - - - -
Tm - - - - - - - - - -
Yb - - - - - - - - - -
Lu - - - - - - - - - -
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WA- WA-
SC-5 SC-6 SG0801 SM2202 SM2202 VY122001-1 0201 0404
Major Elements (in weight percent)
SiOz 52.32 53.78 48.61 48.83 48.83 48.81 52.24 48.57
TiOz 1.64 1.53 1.56 1.49 1.49 1.49 1.48 1.52
AlzOj 16.45 16.15 15.93 15.01 15.01 15.22 16.17 15.57
FezOj 8.60 8.01 9.63 13.00 13 13.12 7.74 10.67
MnO 0.13 0.12 0.13 0.20 0.2 0.2 0.11 0.14
MgO 6.23 5.85 6.18 8.40 8.4 8.5 5.60 8.93
CaO 6.86 7.06 9.02 8.46 8.46 8.59 8.49 8.71
NazO 4.20 4.19 4.09 3.43 3.43 3.33 4.37 3.78
KzO 1.94 1.95 1.25 0.63 0.63 0.62 1.92 1.23
P2O5 0.47 0.45 0.37 0.22 0.22 0.23 0.47 0.47
Trace Elements (in ppm)
Ni 108 94 - 135 135 135 - -
Cr 147 129 - - - - - -
Sc 18 16 - - - - - -
V 133 128 - 155 155 160 - -
Ba 606 792 445 226 226 234 800 745
Rb 24 27 18 7.2 7.2 7.8 24 16
Sr 700 699 642 293 293 304 654 638
Zr 260 253 168 92.0 92 93.5 219 162
Y 27 27 20 19.0 19 19.5 24 18
Nb 20 18 14 9 9 10 20 26
Ga 18 18 - 19 19 20 - -
Cu 31 31 - 60 60 50 - -
Zn 65 64 - 100 100 105 - -
Pb 21 32 - 5 5 <5 - -
La 36 27 - 15.5 15.5 16 - -
Ce - - - 30.0 30 30.5 - -
Th 11 5 - 1 1 1 - -
Pr - - - 3.5 3.5 3.6 - -
Nd - - - 14.5 14.5 15.5 - -
W - - - 5 5 2 - -
Cs - - - <0.1 <0.1 <0.1 - -
U - - - <0.5 <0.5 <0.5 - -
Ta - - - <0.5 <0.5 <0.5 - -
Hf - - - 2 2 2 - -
Sm - - - 3.2 3.2 3.4 - -
Eu - - - 1.0 1 1.1 - -
Gd - - - 3.9 3.9 3.9 - -
Tb - - - 0.6 0.6 0.6 - -
Dy - - - 3.5 3.5 3.5 - -
Ho . - - 0.7 0.7 0.7 - -
Er - - - 1.8 1.8 1.9 - -
Tm - - - 0.3 0.3 0.3 - -
Yb - - - 1.7 1.7 1.7 - -
Lu - - - 0.2 0.2 0.3 - -
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WA-
0406
WA-
0803
WA-
1001
WA-
1101
WA-
1102
WA-
1103
WA-
1104
WA-
1105
WA-
1106
SiOz 53.01 49.45
Major Elements (in weight percent) 
53.25 53.67 51.05 52.48 48.05 53.15 53.49
TiOz 1.37 1.76 1.34 1.57 1.51 1.37 1.72 1.46 1.46
AliOj 15.20 16.60 15.22 16.57 16.92 15.39 16.10 16.02 16.13
FczOi 9.55 10.84 9.34 8.17 9.58 8.88 10.66 9.09 9.22
MnO 0.12 0.14 0.13 0.12 0.13 0.12 0.14 0.12 0.12
MgO 6.75 6.88 7.04 6.05 5.80 5.69 7.25 4.91 5.63
CaO 7.50 9.16 7.57 6.72 7.73 8.43 8.77 7.68 7.47
NazO 3.89 3.67 3.76 4.65 3.90 3.80 3.38 4.14 4.20
K ,0 1.67 1.17 1.57 1.95 1.44 1.81 1.18 1.77 1.71
P2O5 0.29 0.40 0.28 0.52 0.38 0.33 0.39 0.33 0.33
Ni
Trace Elements (in ppm)
Cr - - - - - - - - -
Sc - - - - - - - - -
V - - - - - - - - -
Ba 590 680 595 790 980 730 510 795 775
Rb 32 14 30 26 12 26 12 24 22
Sr 474 600 484 696 584 526 614 544 552
Zr 138 153 138 228 177 162 156 168 165
Y 18 20 18 24 20 18 22 20 20
Nb 20 22 20 20 22 20 24 22 22
Ga - - - - - - - - -
Cu - - - - - - - - -
Zn - - - - - - - - -
Pb - - - - - - - - -
La - - - - - - - - -
Ce - - - - - - - - -
Th - - - - - - - - -
Pr - - - - - - - - -
Nd - - - - - - - - -
W - - - - - - - - -
Cs - - - - - - - - -
U - - - - - - - - -
Ta - - - - - - - - -
Hf - - - - - - - - -
Sm - - - - - - - - -
Eu - - - - - - - - -
Gd - - - - - - - - -
Tb - - - - - - - - -
Dy - - - - - - - - -
Ho - - - - - - - - -
Hr - - - - - - - - -
Tm - - - - - - - - -
Yb - - - - - - - - -
Lu - - - - - - - - -
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APPENDIX 5 SAMPLE LOCATIONS
Samples from this Study 
Sample Latitude Longit
Utah Geological Survey Samples 
lie Latitude Longituc
APOl 37.0942 -113.59068 92N1 37.207 -113.653
BSOl 37.16336 -113.61094 92N2 37.198 -113.648
CBOl 37.22858 -113.56861 92N3 37.207 -113.647
CCOl 37.32998 -113.69995 92N4 37.246 -113.623
CC02 37.33342 -113.69329 92N6 37.252 -113.631
CC03 37.33342 -113.69329 92N7 37.251 -113.618
DVCOl 37.2563 -113.6246 92N9 37.136 -113.639
DVC02 37.2563 -113.6246 94N1 37.107 -113.596
GLOl 37.19323 -113.77023 94N10 37.236 -113.551
LROl 37.2148 -113.63694 94N11 37.245 -113.552
MIOl 37.13222 -113.55507 94N12 37.113 -113.549
SCOl 37.22233 -113.64937 94N2 37.107 -113.596
SC02 37.17538 -113.646 94N3 37.085 -113.590
SC03 37.16634 -113.63868 94N4 37.239 -113.587
SC04 37.1286 -113.63336 94N5 37.244 -113.587
SC05 37.14808 -113.65444 SCI 107 37.216 -113.632
SC06 37.19771 -113.64693 SC-2 37.175 -113.621
SCO? 37.2457 -113.62425 SC-2a 37.175 -113.621
SC08 37.25238 -113.62992 SC-4 37.233 -113.623
SCCOl 37.24512 -113.62697 SC-4a 37.233 -113.623
SCC02 37.24029 -113.63132 SC-5 37.226 -113.613
SCC03 37.24063 -113.63043 SC-6 37.228 -113.628
SCC04 37.23974 -113.62893 SG0801 37.113 -113.551
SOOl 37.22012 -113.63841 SM2202 37.258 113.625
TBOl 37.13927 -113.57055 SM2202 37.258 113.625
TPOl 3722279 -113.56805 VY122001-1 37.252 113.63
UAOl 37.10463 -113.59875 WA0201 37.223 -113.605
VYOl 37.30816 -113.68844 WA0404 37.207 -113.585
VYCOl 37.31225 -113.69507 WA0406 37.210 -113.582
XEOl 37.33342 -113.69329 WA0803 37.142 -113.606
WAlOOl 37.165 -113.527
WAllOl 37.194 -113.602
WA1102 37.191 -113.604
WA1103 37.190 -113.605
WA1104 37.133 -113.604
WA1105 37.146 -113.606
WA1106 37.163 -113.611
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APPENDIX 6 ISOTOPE DATA
2 ( X . p b / ^ 0 4 p b J U / p b / - ! « p b i U S p b / ^ l H p b “'SrrSr Exd
APOl 17.812 15.499 37.702 0.704018 0.512589 -0.94
BSOl 17.339 15.472 37.357 0.704397 0.512428 -4.08
CBOl 18.089 15.521 37.993 0.704117 0.512560 -1.51
CCOl 17.643 15.523 38.389 0.705456 0.512331 -5.98
CC03 17.347 15.470 37.714 0.705504 0.512236 -7.83
DVCOl 17.997 15.522 38.104 0.704512 0.512462 -3.42
GLOl 17.676 15.506 37.533 0.703818 0.512660 0.45
LROl 17.311 15.511 37.409 0.703846 0.512568 -1.35
MIOl 17.364 15.508 37.393 0.703641 0.512665 0.54
SCOl - - - 0.704474 0.512446 -3.75
SC03 17.992 15.530 38.120 0.704533 0.512443 -3.81
SC04 18.002 15.508 38.080 0.704418 0.512466 -3.36
SC06 17.998 15.542 38.164 0.704487 0.512454 -3.59
SCO? - - - 0.704449 0.512465 -3.37
SCCOl 18.020 15.523 38.117 0.704579 0.512480 -3.09
SCC02 18.067 15.566 38.202 0.704429 0.512470 -3.27
SCC03 18.003 15.531 38.105 0.704439 0.512462 -3.43
SCC04 18.026 15.545 38.151 0.704497 0.512480 -3.09
SOOl 17.830 15.513 37.750 0.704015 0.512581 -1.09
TBOl 17.423 15.477 37.475 0.704118 0.512554 -1.62
TPOl 17.420 15.482 37.481 0.704367 0.512486 -2.93
UAOl 17.428 15.486 37.499 0.704142 0.512533 -2.03
VYOl 17.504 15.475 37.654 0.705275 0.512238 -7.80
VYCOl 17.479 15.479 37.657 0.705276 0.512227 -8.01
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Santa Clara flow
Qbdv Diamond Valley flow
Qbsm Saddle Mountain flow
Qbde Dammeron East flow
<Jbv Veyo flows
Qfamc Magotsu Creek flow
Qbso Snow Canyon Overtook flow
Qbb Big Sand flow
m s Cedar Bench flow
Airport flow
Qbl Lava Ridge/Middleton flow
0
[
Plate 1: Geotogic Map of tiie Pine Valley Volcanic Field, soatiiwestern Utah. 
Vent abbreviations are as follows: SCC - Snow Canyon cone, DVC - Diamond ValU 
Twin Peaks vent area, BSC - Big Sand cone, AHC - Aqueduct Hill cone, CPC - Can 
(1995), Shivwits quadrangle - Hintze and Hanunond (1994), Santa Clara quadiangli 
Veyo quadrangle - (Hayden, 2005), Saddle Mountain quadrangle - Cook (1957).
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•Icanic Field, southwestern Utah.
V Caityon cone, DVC - Diamond Vall^ cone, VYC - Veyo cone, DMC - Dammeron Valley cone, MGC - M 
iHC - Aqueduct Hill cone, CFC - Canal Flow cone, UC - Unknown cone. Data compiled firom the following 
nmond (1994), Santa Clara quadrangle - Willis and Higgins (1996), Washington quadrangle - Willis aiKi Hig 
>untain quadrangle - Cook (1957).
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